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ABSTRACT 




Advisor: Dr. Qiao-Sheng Hu 	
The synthesis of well-defined and high molecular weight π-conjugated polymers under mild 
condition within short reaction time is a challenging and important task in both organic 
chemistry and polymer chemistry. As one of the most efficient and high tolerance to solvents and 
reaction conditions, palladium(0)-catalyzed cross-coupling reactions would give us a good 
chance to achieve the goal. Thus, my Ph. D dissertation research projects focused on developing 
Pd(0)-catalyzed Suzuki cross-coupling polymerization reactions including controlled ones. 
My research first studied t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 
catalyzed Suzuki cross-coupling polymerization of aryl dibromides with aryldiboronic acids at 
room temperature. Based on our understanding of Pd(0)-catalyzed Suzuki cross-coupling 
polymerization process, I figured out the amount of the base used, and the solubility of the 
polymers were the mainly limitations of the growth of polymer chains. By adjusting the amounts 
of the base used in polymerization process, using different substituted monomers and changing 
the reaction conditions, I was able to achieve high molecular weight polymers at room 
temperature within one hour.  Moreover, aryl diiodides were tested with the same reaction 
 v 
condition afforded promising results, which confirmed this palladium catalyst system is highly 
efficient for Suzuki cross-coupling polymerizations. 
The high molecular weight π-conjugated polymers have better properties than low molecular 
weight polymers, including electrochemical stability, film-forming properties and so on. In order 
to make extremely high molecular weight polymers, a new polymerization reaction condition 
was studied and a combination of AA/BB approach and AB approach of the Pd(0)-catalyzed 
Suzuki cross-coupling polymerization reaction was proposed and demonstrated. Under the 
guidance of the new reaction mechanism, polymers with extremely high molecular weights have 
been produced, which we believed it would be a revolution of producing high molecular weight 
π-conjugated polymers under mild conditions. Since Br- and I- substituted aryl compounds were 
proved obtaining great reactivity for Suzuki cross-coupling polymerizations (SCCPs), further 
study of the polymerizations of Cl- substituted aryl compounds with tris(1-adamantyl) phosphine 
coordinated acetanilide-based palladacycle complex as the catalyst has been carried out. Less 
reactive aryl chlorides tend to be cheaper than aryl bromides or aryliodies, and many of them are 
commercially available.  It was valuable that we employed aryl chlorides to SCCPs for 
synthesizing high molecular weight π-conjugated polymers. It widened the applicability of 
SCCPs.  
The last part of my research explored robust initiators for controlled Pd(0)-catalyzed Suzuki 
cross-coupling polymerization of AB-type of monomers, affording polymers with 
unprecedentedly narrow PDIs and well-controlled functional end groups. The 31P NMR study 
was applied to check the initiation rate and efficiency of the precatalyst, which afforded a better 
understanding of the catalyst system to us. 
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Chapter 1. Introduction 
Transition metal-catalyzed cross-coupling reactions of aryl halides and organometallic reagents 
were reported to be common synthetic methodologies to form new carbon-carbon bonds in the 
products. Historically, Kharasch was the first one to systematiclly investigate the transition 
metal-catalyzed coupling reaction as early as 1941 (Scheme 1).[1] The cross-coupling reaction of 
vinyl bromide with aryl organomagnesium compound using cobalt chloride as catalyst was found 
to be the earliest reports of cross-coupling product in 1943 (Scheme 1).[2] However, the 
observation of significant amounts of homo-coupling products was the major concern for this 
cross-coupling reaction. Those couplings were extremely limited in substrate scope and 
functional group compatibility which were unsuitable for broad application in synthesis. 
Furthermore, the selectivity of homo-coupling or cross-coupling product was highly substrate 
dependent.  
 
Scheme 1. Kharasch Coupling 
In 1957, Cadiot and Chodkiewicz reported copper (I)-catalyzed cross-coupling of alkynes with 
bromoalkynes which proceeds selectively and only couple the alkyne to the haloalkyne (Scheme 
2).[3] This is truly selective C-C bond formation which built the framework for the cross-coupling 
concept. In broad sense, any coupling procedure required three components to achieve a 












organometallic partner to prevent homo-coupling of the halide coupling component; 3) a 
transition metal, in stoichiometric or catalytic quantities, to affect the C-C bond forming event.[4] 
However, the copper-catalyzed Cadiot-Chodkiewicz reaction was demonstrated to proceed by 
the in-situ generation of the organometallic cuprous acetylide. Since then, discovering different 
transition metal catalysts and controlling the reactivity and selectivity of the coupling reaction 
became the aim of cross-coupling reactions.  
 
Scheme 2. The Cadiot-Chodkiewicz Cross-Coupling Reaction 
In 1972, Kumada reported cross-coupling reactions, typically catalyzed by nickel or palladium, 
to couple a variety of aryl or vinyl halides (Scheme 3).[5, 6] This reaction was a breakthrough 
since it found a solution to the selectivity problems associated with Kharasch couplings which 
avoid the formation of the homo-coupling byproducts. 
 
Scheme 3. Kumada Cross-Coupling Reaction 
In the same year, 1972, Heck demonstrated the coupling reaction of aryl, benzyl, and styryl 
halides with alkenes catalyzed by palladium (II) catalyst without preformed organometallic 
complexes as one of the coupling partners (Scheme 4).[7] This work brought the two disparate 







R, R': aryl, alkyl
R X +
1.4 mol% Ni(dppe)Cl2
Et2O, reflux, 20 h
Kumada 1972MgXR' R R'
R: aryl, vinyl
R':aryl, alkyl
X: Cl, Br, I
 3 
reactions on the sp2-hybridized carbon atoms, opened up the future of palladium as one of the 
important transition metal catalysts for cross-coupling chemistry.  
 
Scheme 4. Heck Cross-Coupling Reaction 
In 1975, Sonogashira reported cross-coupling reaction to form a carbon-carbon bond between a 
terminal alkyne and an aryl or vinyl halide employs a palladium-copper catalyst, made the 
reaction conditions exceedingly mild (Scheme 5).[8] In 1977, Negishi reported the cross-coupling 
of organoaluminum and organozinc compounds, employing nickel catalysts, broadened the 
concept of the cross-coupling approach (Scheme 5).[9] Stille coupling reaction is widely used in 
organic synthesis which involves the coupling of an organotin compound with a variety of 
organic electrophiles by using palladium catalysts in 1978 (Scheme 5).[10]  
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X: I, Br, Cl, OTf
R X
R: aryl, alkenyl, alkynyl, alkyl, propargyl
R': aryl, alkenyl, alkynyl, alkyl
X: Cl, Br, I, OTf, acetyloxy
X': Cl, Br, I
R' X R R'
R: aryl, alkenyl, allyl
R': aryl, alkenyl, allyl
X: Cl, Br, I, OTf
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In 1979, Suzuki reported the palladium-catalyzed cross-coupling of 1-alkenylboranes and aryl 
halides (Scheme 6).[11] The reaction used relatively cheap and easily prepared reagents which 
widen the scope of the organometallic reagents.  
 
Scheme 6. Palladium-Catalyzed Suzuki Cross-Coupling Reaction 
In 1988, Hiyama reported the palladium and nickel-catalyzed cross-coupling of organosilanes 
with aryl halides (Scheme 7).[12] The organosilanes for Hiyama cross-coupling were more 
environmentally friendly and safe than organozinc, and organostannane reagents. However, 
fluoride was needed in the Hiyama cross-coupling in order to activate the organosilicon reagents. 
 
Scheme 7. Hiyama Cross-coupling 
In 1994, Buchwald and Hartwig synthesized carbon-nitrogen bonds by using palladium-
catalyzed coupling reaction (Scheme 8).[13] With the presence of the strong base, NaOtBu, the C-
N cross-coupling reaction proceeded at a faster rate. However, the substrate scope was limited to 
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R'': Cl, F or alkyl
X: Cl, Br, I or OTf
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Scheme 8. Buchwald-Hartwig cross-coupling 
Among the cross-coupling reactions mentioned above, Sonogoshira reaction required co-catalyst 
system which was tedious to handle. The toxicity of the organozinc compounds and 
organostannanes for Negishi cross-coupling reaction and Stille reaction was a big concern. 
Palladium-catalyzed Suzuki cross-coupling reaction of a boronic acid and an organohalide is 
certainly one of the most commonly used methodologies for forming carbon-carbon bonds. Such 
coupling reactions possess advantages: 1) low catalyst loading; 2) mild reaction condition and 
high product yield; 3) toleration of aqueous and heterogeneous reaction conditions; 4) nontoxic 
and environmentally friendly process. Arylboronic acids as one of the coupling partners are less 
toxic and safer for the environment than organostannane and organozinc compounds. They are 
comparatively cheaper than other organoboranes and many of the arylboronic acids are 
commercially available. Hence, it has been widely used in the Suzuki cross-coupling reaction. 
On the other hands, organoboron compounds usually more soluble than boronic acids, can have 
profound effects on the efficacy of a given transformation.  
The other reason palladium catalyzed Suzuki cross-coupling reaction is special and different than 
other coupling reactions is that a wide variety of bases are implemented in Suzuki cross-coupling 
reaction such as K2CO3, K3PO4, KOtBu, Cs2CO3, and so on. Suzuki and Miyaura reported that 
the palladium catalyzed cross-coupling reaction of organoboron compounds and aryl halides 
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useful method for a wide range of C-C bond formation.[15] It is an extremely powerful and useful 
reaction not only for laboratories but also for industrial processes due to its advantages. Many 
improvements and applications have been made since its discovery including using water as 
solvent,[16] solid-phase Suzuki coupling,[17] coupling with aromatic chlorides[18] and application 
in polymer chemistry.  
Mechanistically, the general catalytic cycle of the Pd(0)-catalyzed Suzuki cross-coupling 
reactions is shown below, which involved a sequence of three key elementary steps: oxidative 
addition, transmetalation, and reductive elimination (Scheme 9). During the oxidative addition 
step, the palladium catalyst is oxidized from Pd(0) to Pd(II) to couple with the alkyl halide. The 
oxidative addition rate is dependent on the nature of the ligand employed and the halides. The 
bulky and electron rich phosphine ligands will favor the oxidative addition step in the Suzuki 
cross-coupling reaction. With aryl iodides as one of the coupling partners, the transmetalation 
step is likely the rate-determining step in a catalytic cycle. For aryl bromide-involved coupling 
reaction, the rate-determining step depends on the nature of the ligand in the catalyst. Aryl 
chloride-involved cross-coupling reaction, the oxidative addition step certainly is the rate-




Scheme 9. General Catalytic Cycle for Pd(0)-Catalyzed Suzuki Cross-Coupling Reactions 
The relative reactivity of aryl halides decreases in the order of -I > -OTf > -Br >> -Cl.[19] The 
transmetalation of the Pd(0)-catalyzed Suzuki cross-coupling reaction is the ligands transferred 
from the organoboron species to the Pd (II) complex where the base was to help for the exchange 
of the R’ on the organoboron species to give the new Pd (II) complex. The final step is the 
reductive elimination step where the Pd (II) complex eliminates the coupling product and 
regenerates the Pd(0) catalyst. The mechanism of oxidative addition, transmetalation, and 
reductive elimination sequences are well understood. The oxidative addition step and the 
transmetalation step is highly dependent on the catalysts, organometallics, base and the reaction 
conditions. 
The Suzuki cross-coupling reaction was successfully extended to polymer synthesis by 
employing two reactive site-containing monomers, i.e., AA/BB- or AB-type monomers (Scheme 















developed as a step-growth process, which was rationalized in terms of this catalytic cycle, 
multiple consecutive catalytic cycles, rather than on one, are involved for the product formation. 
 
Scheme 10.  Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerizations of AA/BB- and AB-Type 
Monomers 
In the last decades, the Pd(0)-catalyzed Suzuki cross-coupling polymerization has been 
developed into a powerful tool for synthesizing numerous polyarylenes and related π-conjugated 
polymers. Some of those polymers have gained industrial applications like polyfluorenes, one of 
the key polymers for organic electronics. The polyfluorenes derivatives were tested for polymer-
based organic light-emitting diodes (OLEDs) after it was discovered.[21] Examples of polymer 
structures are shown in Scheme 11. The substituted R groups serve the purpose to increase the 
polymers’ poor solubility and processability. Polyfluorene derivatives and some of the π-
conjugated polymers produced by palladium(0)-catalyzed Suzuki cross-coupling polymerization 
are not only promising material to OLEDs applications, but also can be used in many electronic 
devices including field-effect transistors, semi-conductors, poly solar cells, sensor, and so on. [22] 
Those applications brought our interests in developing such a useful method. 
  
Scheme 11. Examples of General Structures of π-Conjugated Polymers 














nAr n Ar n
...
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Although the Pd(0)-catalyzed Suzuki cross-coupling polymerization has great value in industrial 
application and synthetic applications, there are still challenges in the field: 1) high reaction 
temperature is usually needed for the polymerization process; 2) difficult to achieve high 
molecular weights polymers; 3) Bromo- and iodo-containing moonomers are generally allowed 
for the cross-coupling polymerization, whereas chloro-containing monomers proved to be inert; 
4) reported Pd(0)-catalyzed Suzuki cross-coupling polymerizations were not able to produce 
conjugated polymers in a controlled fashion similar to atom transfer radical polymerization 
(ARTP).[23] 
Based on the understanding of Pd(0)-catalyzed Suzuki cross-coupling polymerization, my 
dissertation started with the t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 
catalyzed Suzuki cross-coupling polymerization of aryl dibromides with aryl diboronic acids at 
room temperature in Chapter 2.  
In Chapter 3, a new polymerization reaction condition for Pd(0)-catalyzed Suzuki cross-coupling 
polymerization was demonstrated to produce high molecular weights π-conjugated polymers 
which have better properties than low molecular weight polymers.  
Chapter 4 described the polymerizations of aryl dichlorides and aryldiboroates with tris(1-
adamantyl) phosphine coordinated acetanilide based palladacycle complex as the catalyst.  
In Chapter 5, controlled Pd(0)-catalyzed Suzuki cross-coupling polymerization of AB-type 
monomers were carried out, affording polymers with narrow PDIs and well-controlled functional 
end groups. With the study of this dissertation, better understanding of Pd(0)-catalyzed Suzuki 
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Chapter 2. Room Temperature Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling 




Over the past decades, Pd(0)-catalyzed Suzuki cross-coupling polymerizations (SCCPs) (Scheme 
12) have become some of the most powerful methods for the synthesis of a wide range of π-
conjugated polymers.[1] Despite the advances and widespread applications, most reported SCCPs 
often suffered from shortcomings including lengthy reaction time, typically 24 hours or longer 
even under refluxing condition, low polymerization yields and difficulty to achieve high 
molecular weight.[2]  
 
Scheme 12. Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerizations of AA/BB- and AB-Type 
Monomers 
Scrutiny of the reported SCCPs, those shortcomings likely resulted from the direct Pd catalyst 
adoption approach: the palladium catalysts employed for SCCPs were commonly adopted 
directly from the Suzuki cross-coupling reactions of aryl halides and arylboronic acids. Such a 
Pd catalyst adoption approach amplifies problems like low catalytic activities of the catalysts, 
decomposition of the catalysts. In particular, the low catalytic activity of reported Pd catalyst, 











which would lead to the slow oxidative addition step, allows the Pd(0) catalyst to decompose and 
such a catalyst decomposition would cause the shortcomings for reported SCCPs.  
There has been a growing interest to develop new palladium catalysts that can attenuate the 
problems and readily produce π-conjugated polymers. Based on our knowledge of Suzuki cross-
coupling polymerization process, multiple consecutive catalytic cycles, rather than one catalytic 
cycle in standard Suzuki cross-coupling reactions, are involved for the polymer formation. 
Catalyst decomposition would prevent the formation of high molecular weight polymers. In our 
group, we have been interested in developing highly efficient transition metal catalysts for cross-
coupling reactions including polymerizations. We have been particularly interested in 12-
electron Pd(0) catalysts that contain electron-rich and bulky monodentate ligands like t-Bu3P. 
We envisioned that such Pd(0) catalysts could possess high oxidative addition rates and could 
alter the rate-determining step from the oxidative addition step to the transmetallation step for the 
cross-coupling polymerizations. Due to the rapid oxidative addition process formed 
[Pd(Ar)X(L)], the decomposition of the catalysts could be minimized, the problems caused by 
the multiple consecutive catalytic cycle nature of polymerization might be addressed. 
Our group has recently documented the study on overcoming some of the problems associated 
with reported SCCPs.[4] Our group demonstrated that readily available, air/moisture-stable t-
Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 (Scheme 13), was a general, 
highly efficient precatalyst for Suzuki cross-coupling polymerization of aryl dibromides with 
aryldiboronic acids at 60 oC.[4] The Suzuki cross-coupling polymerization with such t-Bu3P-
coordinated 2-phenylaniline-based palladacycle complex 1 as precatalyst was found to afford 
polymers within an hour, with the yields and molecular weights comparable to or higher than 
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that of polymers obtained by other palladium catalysts with much longer polymerization time or 
higher temperature.[4] To further exploring this powerful precatalyst for cross-coupling 
polymerizations, we reasoned that minimizing the decomposition of the catalyst might help 
polymerization process. As our previous study was carried out with heating (60˚C), which might 
be detrimental for the longevity of the catalyst, carrying out the polymerization at a milder 
condition, e.g., room temperature, would likely avoid the decomposition of the catalyst, which 
could be valuable for the field of π-conjugated polymer synthesis. In this report, we report our 
study on room temperature Pd(0)-catalyzed Suzuki cross-coupling polymerizations of aryl 
dibromides and aryldiboronic acids with t-Bu3P-coordinated 2-phenylaniline-based palladacycle 
complex 1 as precatalyst.  
 


















2.2 Results and Discussion 
2.2.1 Suzuki Cross-coupling Polymerizations of AB-Type Monomers at 60 ˚C with t-Bu3P-
Coordinated 2-Phenylaniline-Based Palladacycle Complex 1 as the Precatalyst 
In our previous study, t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 was 
demonstrated to be a highly efficient precatalyst for the Suzuki cross-coupling polymerization of 
aryl dibromides with aryldiboronic acids and afforded high yield and high molecular weight 
polymers within an hour at 60˚C.[4] We reasoned that complex 1 should be also be an efficient 
precatalyst for the polymerization of AB-type monomers. I have carried out the Suzuki cross-
coupling polymerization of several bromoarylboronic acids (AB-type monomers) with complex 
1 as precatalyst and the results are listed in Table 2.1. As shown in Table 2.1, the Suzuki cross-
coupling polymerization with 1 as the precatalyst afforded polymers in high yields within an 
hour, with the molecular weights of the polymers in the range that would require other Pd 
catalyzed polymerizations reaction time of 24 hours or longer (Table 2.1). These results showed 
that 1 was a highly efficient precatalyst for SCCPs of AB-type monomers at 60 oC. 
Table 2.1 Palladacycle Complex 1-Catalyzed Suzuki Cross-Coupling Polymerization of AB-type 
Monomers a  
  
Entry Br-Ar-B(OR)2 Yield (%) b Mn (PDI) c 
1 
 
95 45,900 (1.90) 
Ar
2 mol% 1









98 20,700 (2.08) 
3 
 
90 22,100 (2.14) 
a Polymerization condition: monomer (1 equiv.), Pd catalyst (2 mol%), K3PO4 (4 equiv.), THF, 
60˚C, 1 h. b Isolated yields. c GPC analysis (polystyrene as standard, THF, 40 ˚C).  
 
2.2.2 Room Temperature Suzuki Cross-Coupling Polymerizations of AA/BB-Type 
Monomers with t-Bu3P-Coordinated 2-Phenylaniline-Based Palladacycle Complex 1 as 
precatalyst 
Base on the consideration that t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 
was an efficient precatalyst for the Pd(0)-catalyzed Suzuki cross-coupling polymerization,[4] 
which suggested that 12-electron t-Bu3P-Pd(0) complex was efficiently generated and the 
oxidation addition of 12-electron t-Bu3P-Pd(0) complex with aryl bromides would occur at room 
temperature.[5] We reasoned that t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 
1 should be an efficient precatalyst to catalyze Suzuki cross-coupling polymerization at room 
temperature. 
The base has reported to significantly impact the efficiency of Pd/t-Bu3P-catalyzed Suzuki cross-
coupling reactions.[6] As the polymerization rate at room temperature might be different from that 
at 60 ˚C and the transmetallation step were demonstrated to be influenced by the amount of the 









and diborate (3a) as the model reaction. Our results are listed in Table 2.2. We found the 
polymerization indeed took place at room temperature, with the yield and the molecular weight 
increased with more amounts of base being used. With the use of 2 equivalents of K3PO4, a yield 
of 57% and a molecular weight of Mn =3,000 were obtained (Table 2.2, entry 1). With the used 
of 6 equivalents or more of K3PO4, the polymerization occurred much faster, and the molecular 
weights of the polymers obtained increased significantly (Table 2.2, entries 2-4). When 10 
equivalents or more of K3PO4 were employed, the polymerization occurred very fast and a 
precipitation was observed within 10 minutes. The molecular weight of the polymers increased 
slightly with increasing the amount of base, likely because the insolubility of the polymers in 
THF prevented the growth of the polymer chains (Table 2.2, entries 5-7). These results 
demonstrated t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 was a highly 
efficient precatalyst for the SCCPs at room temperature. 
Table 2.2 Influence of the Amounts of the Base on Room Temperature Suzuki Cross-Coupling 
Polymerization of Aryl Dibromide with Aryldiborate with Complex 1 as the Precatalyst a 
 
Entry K3PO4 (equiv.) Yield (%) b Mn (PDI) c 
1 2 57 3,000 (1.22) 
2 4 81 7,400 (1.46) 














4 8 90 46,200 (2.50) 
5 10 87 47,200 (2.49) d 
6 20 90 49,700 (2.48) e 
7 40 85 52,100 (2.50) f 
 a Polymerization condition: Dibromides (1 equiv.), diborates (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M), THF (1 mL), r.t., 1h. b Isolated yields. c GPC analysis (polystyrene standard, THF, 
40 ˚C). d Precipitation was observed in 9 minutes. e Precipitation was observed in 3 minutes. f 
Precipitation was observed in 2 minutes.  
 
With t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 as the precatalyst, the 
room temperature Suzuki cross-coupling polymerization of a number of aryl dibromides with 
aryldibronic acids were examined and our results are listed in Table 2.3. As shown in Table 2.3, 
the Suzuki cross-coupling polymerization afforded polymers in high yields within an hour, with 
the results comparable to those of the polymerization temperature at 60 ˚C or with the molecular 
weights of the polymers in the range that would require the polymerization time of 24 hours or 
longer for polymerization process catalyzed by other Pd catalysts. The polymerization of 2e an 
3a resulted polymer with molecular weights up to Mn = 56,900, whose 1H and 13C NMR spectra 
are shown in Figure 1. The narrow signals of proton were obtained which could be 
unambiguously assigned to the proposed structure. The unique GPC peak confirmed the structure 
of the polymer in the other way (Figure 2).  
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Figure 1. 1H (left) and 13C NMR spectra (right) of polymer showed above with Mn =56,900 
 
Figure 2. GPC (polystyrene standards) graph of the polymer 
The end groups were analyzed by matrix-assisted laser desorption ionization-time of flight 
(MALDI-TOF) mass spectrometry. One of the MALDI-TOF spectrum shown in Figure 3. A 
series of peaks were observed in the MALDI-TOF spectra, end groups including, H, borate, and 
boronic acid which indicated that the end group of the polymers provided by the Pd(0)-catayzed 
Suzuki cross-coupling polymerization of AA/BB-type monomers cannot be well controlled.  
In 2005, Our laboratory came up with a preferential oxidative addition mechanism for Pd(0)-
catalyzed Suzuki cross-coupling reactions. The regenerated Pd(0) catalyst could be oriented to 
undergo oxidative addition preferentially with its homogenously generated coupling product over 
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98%. Under this circumstance, I also checked the preferential oxidative addition for the Pd(0)-
catalyzed Suzuki cross-coupling polymerization reaction. By calculating the molecular weight of 
the polymer from MALDI-TOF spectra, I found that no matter what functional end groups the 
polymer obtained, the polymers were all odd number of repeat units. This observation indicated 
that the palladacycle complex 1-catalyzed Suzuki cross-coupling polymerization of AABB-type 
monomer would favor the preferential oxidative addition mechanism.  
 
Figure 3. MALDI-TOF spectra of the AABB-type polymer shows the functional end group. 
For direct comparison purpose, the Pd(0)-catalyzed Suzuki cross-coupling polymerization of two 
electron-deficient dibromides were tested. The polymerization of 4,7-
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dibromobenzo[c][1,2,5]thiadiazole (2f) and 2,7-dibromo-9H-fluoren-9-one (2g) were obtained 
polymers with very high molecular weight and high yields polymers (Table 2.3, entries 14-20). 
These results further confirmed 1 was a highly efficient precatalyst for the SCCPs at room 
temperature not only for electron rich monomers, but also electron-deficient monomers. In 
addition, polymers with higher molecular weights could be readily obtained by simply extend the 
reaction time (Table 2.3, entry 1 vs. 3), demonstrating the stability of 1 under the Suzuki cross-
coupling polymerization and its ability to catalyze the Suzuki cross-coupling polymerization 
reaction with high degree of polymerization. 
The ortho-dibromobenzene was test with the Pd(0)-catalyzed Suzuki cross-coupling as well 
(Table 2.3, entry 21). The polymerization only produced the polymer with the molecular weight 
of Mn = 3,200 and 71% yield. The reason for this phenomenon was due to poor solubility of the 
ortho-positioned polymer. Thus, I tried to introduce alkoxy groups to the phenyl ring to make the 
polymer more soluble (Table 2.3, entries 22, 23), 1,2-dibromo-4,5-dimethoxybenzene based 
polymer was found to be more soluble than 1,2-dibromobenzene based polymer, however, the 
molecular weight Mn = 7,400 was still not very high. Then, I made 1,2-dibromo-4,5-
di(hexyloxy)benzene as the monomer for Pd(0)-catalyzed Suzuki cross-coupling polymerization. 
The solubility of the polymer is much better than 1,2-dibromobenzene based polymer, with the 
molecular weight of Mn = 21,700. These results showed the efficiency of palladacycle complex 
1 for Suzuki cross-coupling reaction, we can get into high molecular weight by increasing the 
solubility of the polymers. 




Entry Br-Ar-Br (HO)2B-Ar’-B(OH)2 Yield b Mn (PDI)c 
1 
  
99% 25,000(2.09) d 
2 2a 3a 95% 40,600(2.08) 




5 2a 3c 89% 30,000(2.03) 
6  3b 99% 45,400(2.80) 
7 
 
3b 90% 27,300(1.46) 
8 
 
3a 95%  28,200(2.03) 
9 2d 3b 70% 17,800(2.15) 
10 
 
3b 87% 28,000(1.89) 




13 2e 3c 84% 49,900(1.84) 
+ (HO)2B-Ar'-B(OH)2





































3b 90% 2,900(1.12) 
15 2f 3a 99% 19,600(2.02) 
16 2f 3c 99% 18,700(2.03) 
17 2f 
 
89% 5,200(2.07) f 
18 
 
3b 86% 11,900(1.40) g 
19 2g 3a 99% 6,500(1.50) 
20 2g 3c 88% 18,600(6.67) 
21 
 
3a 71% 3,200(1.34) 
22 
 
3a 85% 7,400(2.03) 
23 
 
3a 81% 21,700(2.00) 
a Polymerization condition: dibromide (1.02 equiv.), diboronic acid (1 equiv.), Pd catalyst (2 
mol%), K3PO4 (10 equiv.), THF, r.t., 1h. b Isolated yields. c GPC analysis (polystyrene as 
standard, THF, 40 ˚C). d Reaction time: 30 min. e Reaction time: 2 hours. f Reaction condition: 
K3PO4 (5 equiv.), 30 min. g Reaction time:  10 min. 
 
As tested before, with more amounts of the base applied in the reaction mixture, the palladacycle 
complex 1-catalyzed Suzuki cross-coupling polymerization reaction rates increased dramatically 
at room temperature. High molecular weight polymers were easily produced under mild reaction 





























polymers made at room temperature obtained similar or higher molecular weight (Table 2.4). 
Some of molecular weight was even more than doubled from Mn=11,200 to Mn=28,200 (Table 
2.4, entry 1), Mn=19,100 to Mn =40,600 (Table 2.4, entry 3). These results likely were due to the 
minimized decomposition of the catalyst for Suzuki cross-coupling polymerization at room 
temperature. 
Table 2.4 Comparison of Room Temperature Polymerizations with 60 ˚C Polymerization 
 






























































a Polymerization condition: dibromide (1.02 equiv.), diboronic acid (1 equiv.), Pd catalyst (2 
mol%), K3PO4 (10 equiv.), THF, r.t., 1h. b Polymerization condition: dibromide (1.02 equiv.), 
diboronic acid (1 equiv.), Pd catalyst (2 mol%), K3PO4 (4 equiv.), THF, 60 ˚C, 1h. see ref. 4 
 
2.2.3 Room Temperature Suzuki Cross-Coupling Polymerizations of Iodo-Containing 
Monomers with t-Bu3P-Coordinated 2-Phenylaniline-Based Palladacycle Complex 1 as 
precatalyst 
 Since t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1 as precatalyst for 
Suzuki cross-coupling polymerization of aryl dibromides with aryldiborates at room temperature 
worked well, we tested the possibility of using iodo-containing aryl compounds for the 
polymerization. The results of are listed in Table 2.5. We found that the polymerization reaction 
rate was much slower when iodo-containing aryl compounds were applied (Table 2.5, entry 1 vs. 
2). 1-Bromo-3-iodobenzene reacted with diborate (3a) for 1 hour produced the polymer with 64% 
yield and a molecular weight of only Mn = 3,100.  However, by simply lengthening the reaction 
time to 2 hours, we were able to get into very good result, 88% yield with a relatively high 
molecular weight of Mn = 16,000. As shown in Table 2.5, the Suzuki cross-coupling 
polymerization with complex 1 as precatalyst of bromoiodobenzene and diiodobenzes, no matter 
meta, or para- positions all produced reasonable results. The ortho-compounds were not able to 
approach high molecular weight polymers due to the polymer solubility issue (Table 2.5, entry 4 













Table 2.5 Room Temperature Palladacycle Complex 1-Catalyzed Suzuki Cross-Coupling 
Polymerization of Iodo-Containing Monomers with Aryldiborates a 
 
Entry X-Ar-X’  Yield b Mn (PDI)c 
1 
 
 64% 3,100 (1.56) 
2 
 
 88% 16,000 (1.90) d 




 69% 2,600 (1.55) e 
5 
 
 69% 9,600 (1.84) 
6   91% 18,000 (2.05) 
7 
 
 74% 2,400 (1.23) e 
8 
 
 87% 14,500 (2.10) 
























a Polymerization condition: iodobromide or diiodide (1.02 equiv.), diboronic acid (1 equiv.), Pd 
catalyst (2 mol%), K3PO4 (10 equiv.), THF, r.t., 1h. b Isolated yields. c GPC analysis (polystyrene 
as standard, THF, 40˚C). d Reaction time: 4 hours. e Cloudy in THF. 
2.3 Summary 
In summary, based on our previous study, 12-electron LPd(0) species as catalysts for SCCPs 
could alter the rate-determining step from the oxidative addition step to the transmetalation step 
and could overcome the problems associated with reported Pd catalysts for SCCPs,[4] our study 
shows that the t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex, [2’-(amino-
kN)[1,1’-biphenyl]-2yl-kC]chloro(tri-t-butylphosphine) palladium, was a highly efficient 
precatalyst for Suzuki cross-coupling polymerization of aryl dibromides with aryl diboronic 
acids not only at 60 oC, but also under mild condition like room temperature. Under this mild 
Suzuki cross-coupling polymerization reaction condition, the molecular weight of obtained 
polymers was comparable to or higher than that of polymers obtained at high temperature 
reaction conditions. By using different amount of base for Suzuki cross-coupling polymerization 
reaction, the polymerization reaction rate was increased dramatically. In addition, running the 
polymerization reaction at room temperature can minimize the decomposition of the catalyst in 
order to get into high molecular weight polymers.  
2.4 Experiment section 
General: 1H, 13C NMR spectra were recorded on Varian 600 MHz NMR spectrometer. 31P NMR 
spectra were recorded on Varian 300 MHz NMR spectrometer. Chemical shifts were determined 
relative to internal (CH3)4Si (TMS) and H3PO4 in D2O. All yields reported refer to isolated yields 
unless otherwise indicated. Mn and Mw/Mn (PDI) value of polymers were measured with gel 
permeation chromatography (Waters alliance GPC 2000) using THF as eluent (1 mL/min) at 40 
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˚C, which were calibrated with polystyrene standards. 1,4-Dibromo-2,5-bis(hexyloxy)benzene, 
2,5-bis(hexyloxy)-1,4-phenylenediboronic acid were prepared according to the reported 
procedure. [7] 2,7-Dibromo-9,9-dioctyl-9H-fluorene, 2,7-dibromo-9,9-dihexyl-9H-fluorene, 9,9-
dioctyl-2,7-bis(4,4’,5,5’-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene and 9,9-dihexyl-2,7-
bis(4,4’,5,5’-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene are prepared in a way similar to 
the literature. [8] Complexes 1 were prepared by following reported method. [4] The purity of 
these monomers was estimated to be greater than 99% as determined by 1H NMR or GC-MS. 
The product purity was estimated to be greater than 95% as determined by 1H NMR. THF was 
freshly distilled from sodium/benzophenone. K3PO4 base solution was freshly prepared and 
degassed with N2 overnight. Unless otherwise mentioned, other solvents and reagents were 
purchased from commercial sources and used as received.  
General Procedure for the Suzuki cross-coupling polymerization: Under N2 atmosphere, to a 
solution of dibromide monomer (0.101 mmol) and diboronic acid monomer (0.1 mmol) in dry 
THF (1.0 mL), precatalyst 1 (0.002 mmol, 2 mmol%) was added. K3PO4 solution (2 M, 0.5 mL) 
was then added to the mixture. After stirring at room temperature for 1 h, the mixture was poured 
into HCl solution (5 M, 10 mL) with stirring. The product was extracted with CH2Cl2 (3 x 15 
mL), the combined organic layer was washed with brine and dried over Na2SO4. After removal 
of solvents under vacuum, the residue was dissolved in a small amount of THF and added slowly 
to methanol with stirring. The precipitation formed was collected by filtration, washed with 
methanol. The dissolution-precipitation process was repeated two more times to afford the final 
product, which was dried under vacuum for 4 h.  
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Yellow solid. 1H NMR (600 MHz, CDCl3): d 7.10 (s, 2H), 3.91 (m, 4H), 1,67~1.68 (m, 4H), 
1.27~1.36 (m, 12 H), 0.87 (t, 6H) ppm. 13C NMR (125 MHz, CDCl3): d 150.0, 127.5, 117.2, 69.5, 
31.6, 29.5, 25.7, 22.6, 14.0 ppm. GPC profile: Mn=17,800 (PDI=2.15) 
 
Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.72 ~ 7.80 (m, 4 H), 7.58 (d, J = 6.0 Hz, 2 H), 7.13 
(s, 2 H), 3.98 (t, J = 6.0 Hz, 4 H), 2.04 (br, 4 H), 1.74 (t, J = 7.2 Hz, 4 H), 1.30 ~ 1.41 (m, 16 H), 
1.08 ~ 1.16 (m, 20 H), 0.88 (t, J = 7.2 Hz, 6 H), 0.78 (t, J = 7.2 Hz, 6 H) ppm. 13C NMR (125 
MHz, CDCl3): δ 150.5, 150.4, 139.8, 137.0, 131.2, 127.9, 124.4, 119.1, 116.8, 69.8, 55.0, 40.5, 
31.8, 31.5, 30.3, 29.4, 29.4, 29.4, 29.1, 29.1, 25.8, 24.1, 22.6, 22.6, 14.0, 14.0 ppm. GPC profile: 
Mn= 28,000 (PDI = 1.89).  
 
Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.84 (d, J = 7.8 Hz, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 
(br, 4 H), 1.13 ~ 1.17 (m, 16 H), 0.79 (t, J = 7.2 Hz, 6 H) ppm. 13C NMR (125 MHz, CDCl3): δ 
151.8, 140.5, 140.0, 126.1, 121.0, 119.9, 55.4, 40.2, 31.4, 29.6, 22.5, 14.0 ppm. GPC profile: 













Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.71 ~ 7.81 (m, 4 H), 7.58 ~ 7.63 (m, 2 H), 7.14 (s, 
2 H), 3.99 (t, J = 6.0 Hz, 4 H), 2.04 (br, 4 H), 1.75 (t, J = 6.6 Hz, 4 H), 1.30 ~ 1.41 (m, 16 H), 
1.05 ~ 1.21 (m, 12 H), 0.88 (t, J = 6.6 Hz, 6 H), 0.82 (t, J = 6.6 Hz, 6 H) ppm. 13C NMR (125 
MHz, CDCl3): δ 150.5, 150.4, 139.8, 137.0, 131.2, 127.9, 124.4, 121.5, 119.1, 116.7, 69.8, 55.0, 




Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.80 ~ 7.84 (m, 6 H), 7.66 ~ 7.69 (m, 4 H), 2.10 (br, 
4 H), 1.10 ~ 1.16 (m, 12 H), 0.76 ~ 0.80 (m, 10 H) ppm. 13C NMR (125 MHz, CDCl3): δ 151.8, 
140.7, 140.0, 139.5, 127.6, 126.2, 121.4, 119.9, 55.2, 40.6, 31.4, 29.6, 23.8, 22.5, 14.0 ppm. GPC 
profile: Mn = 45,400 (PDI = 2.80).  
 
Yellow solid. 1H NMR (600 MHz, CDCl3): δ 7.97 (s, 1 H), 7.84 (d, 2 H), 7.64-7.74 (m, 6 H), 










MHz, CDCl3): δ 151.8, 142.3, 140.2, 140.1, 129.2, 126.2, 126.1, 121.7, 120.1, 55.4, 40.5, 31.5, 
29.8, 23.9, 22.6, 14.0 ppm. GPC profile: Mn = 27,300 (PDI = 1.46).  
 
 
Yellow solid. 1H NMR (600 MHz, CDCl3): δ 7.84 (d, J = 7.2 Hz, 2 H), 7.67 ~ 7.70 (m, 4 H), 
2.12 (br, 4 H), 1.14 ~ 1.24 (m, 24 H), 0.79 ~ 0.84 (m, 10 H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 151.8, 140.4, 140.0, 126.1, 121.4, 119.9, 55.3, 40.3, 31.7, 30.0, 29.2, 24.8, 23.8, 22.6, 14.0 ppm. 
GPC profile: Mn = 49,900 (PDI = 1.84).  
 
Yellow solid. 1H NMR (600 MHz, CDCl3): δ 7.84 (d, J = 7.2 Hz, 4 H), 7.67 ~ 7.70 (m, 8 H), 
2.12 (br, 4 H), 1.14 ~ 1.22 (m, 36 H), 0.78 ~ 0.84 (m, 20 H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 152.5, 151.7, 140.5, 139.9, 139.0, 130.1, 126.1, 121.4, 121.1, 119.9, 55.3, 40.3, 40.1, 31.7, 31.4, 
30.0, 29.8, 29.6, 29.2, 23.9, 23.8, 23.9, 22.6, 22.5, 14.0, 14.0 ppm. GPC profile: Mn = 56,900 














Brown solid. 1H NMR (600 MHz, CDCl3): δ 8.10 (d, 2 H), 8.05 (s, 2 H), 7.89-8.02 (m, 4 H), 
2.16 (br, 4 H), 1.12 ~ 1.24 (m, 12 H), 0.74 ~ 0.88 (m, 10 H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 154.4, 151.8, 140.9, 136.5, 133.6, 128.3, 128.0, 124.0, 120.0, 55.4, 40.3, 31.5, 29.8, 29.7, 24.0, 
22.6, 14.1 ppm. GPC profile: Mn = 19,600 (PDI = 2.02).  
 
Brown solid. 1H NMR (600 MHz, CDCl3): δ 8.11 (d, 2 H), 8.05 (s, 2 H), 7.89-8.02 (m, 4 H), 
2.16 (br, 4 H), 1.12 ~ 1.24 (m, 20 H), 0.74 ~ 0.88 (m, 10 H) ppm. 13C NMR (125 MHz, CDCl3): 
δ 154.4, 151.8, 140.9, 136.5, 133.6, 132.3, 128.3, 128.0, 124.0, 120.1, 55.4, 40.2, 31.8, 30.1, 29.7, 
29.3, 24.1, 22.6, 14.1 ppm. GPC profile: Mn = 18,700 (PDI = 2.03).  
 
Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.93 (d, 2 H), 7.44 (s, 2 H), 4.02 (br, 4 H), 1.62 (m, 
4 H), 1.08 ~ 1.32 (m, 12 H), 0.82 (t, 6 H) ppm. 13C NMR (125 MHz, CDCl3): δ 154.3, 150.5, 
130.6, 130.1, 127.6, 117.0, 69.4, 31.4, 29.7, 29.2, 25.6, 22.6, 14.0 ppm. GPC profile: Mn = 2,900 
















Orange solid. 1H NMR (600 MHz, CDCl3): δ 8.06 (s, 2 H), 7.84 (d, 4 H), 7.70 (s, 2 H), 7.60-7.66 
(m, 4 H), 2.10 (br, 4 H), 1.13 ~ 1.24 (m, 12 H), 0.72 ~ 0.84 (m, 10 H) ppm. 13C NMR (125 MHz, 
CDCl3): δ 194.2, 152.0, 143.0, 142.6, 140.6, 138.8, 135.3, 133.4, 125.8, 123.1, 121.1, 120.8, 
120.5, 120.3, 83.8, 55.5, 40.5, 40.3, 31.5, 29.7, 25.0, 23. 9, 23.7, 22.6, 14.1 ppm. GPC profile: 
Mn = 6,500 (PDI = 1.50).  
 
Orange solid. 1H NMR (600 MHz, CDCl3): δ 8.07 (s, 2 H), 7.84 (d, 4 H), 7.70 (s, 2 H), 7.60-7.66 
(m, 4 H), 2.10 (br, 4 H), 0.98 ~ 1.24 (m, 20 H), 0.70 ~ 0.88 (m, 10 H) ppm. 13C NMR (125 MHz, 
CDCl3): δ 194.1, 152.0, 143.0, 142.6, 140.6, 138.9, 135.3, 133.4, 125.8, 123.1, 121.1, 120.8, 
120.5, 120.3, 68.3, 55.5, 40.5, 40.3, 31.8, 30.0, 29.2, 24.9, 23. 9, 22.6, 14.1 ppm. GPC profile: 
Mn = 18,600 (PDI = 6.67). 
  
Orange solid. 1H NMR (600 MHz, CDCl3): δ 7.93 (s, 2 H), 7.82 (d, 2 H), 7.60 (d, 2 H), 7.04 (s, 2 
H), 4.0 (t, 4 H), 1.66~1.85 (m, 4 H), 1.24 ~ 1.37 (m, 12 H), 0.90 (t, 6 H) ppm. 13C NMR (125 
MHz, CDCl3): δ 194.1, 152.0, 143.0, 142.6, 140.6, 138.9, 135.3, 133.4, 125.8, 120.3, 87.3, 69.6, 










Brown solid. 1H NMR (600 MHz, CDCl3): δ 7.92 (d, 2 H), 7.44 (s, 2 H), 3.92 (t, 4 H), 1.54 (m, 2 
H), 1.08 ~ 1.31 (m, 16 H), 0.70~0.88 (m, 12 H) ppm. 13C NMR (125 MHz, CDCl3): δ 154.3, 
150.6, 130.7, 130.4, 130.0, 127.6, 116.7, 114.1, 71.7, 55.4, 39.4, 30.5, 28.9, 23.8, 23.0, 14.0, 11.0 
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Chapter 3. Room Temperature Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling 
Polymerizations for High Molecular Weight Polymers 
3.1 Introduction  
The molecular weight of π-conjugated polymers is one of the most important factors for their 
applications, determining the electrochemical stability,[1] morphological,[2] film-forming 
properties[3] as well as its enhanced interconnectivity which potentially increasing charge-carrier 
mobility.[4] With a high molecular weight, the power conversion efficiency of the π-conjugated 
polymer increased significantly as the molecular weight (Mn) increased.[5] For some polymer 
solar cells systems, high molecular weight polymers usually obtained better charge transport, 
higher hole mobility and superior device performance.[6] Thus, it is valuable to discover a 
possible synthetic methodology to achieve high degree of polymerization for π-conjugated 
polymers.  
In chapter 2, I mentioned Pd(0)-catalyzed Suzuki cross-coupling polymerizations (SCCPs) is one 
of the most widely used polymerization methods for the synthesis of π-conjugated polymers.[7] 
Our laboratory has been studying Pd(0)-catalyzed Suzuki cross-coupling polymerization since 
2001, the preferential oxidative addition mechanism we carried out turned Pd(0)-catalyzed 
Suzuki cross-coupling polymerizations from the step-growth fashion into chain-growth fashion.[8] 
As shown in Scheme 14, the Pd/t-Bu3P catalyzed Suzuki cross-coupling reaction with 1:1 ratio of 
the dihalobenzene and arylboronic acid yield more than 98% of the di-product.[8] Mechanistically, 
the Pd(0) catalyst regenerated from the first reductive elimination is expected to situate nearby 
and interact with its homogenously form 1-aryl-halobenzene (AHB). It could diffuse out of the 
vicinity of the ABH (Path A) and undergo oxidative addition with other dihalobenzene. Or it 
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could undergo oxidative addition with the AHB (Path B).[8] The discovery of Pd(0)/t-Bu3P 
catalyst achieved more than 98% of the preferential oxidative addition product paved the way for 
the development of controlled Pd(0)/t-Bu3P-catalyzed Suzuki cross-coupling polymerization.  
 
Scheme 14. Preferential Oxidative Addition Mechanism for Pd(0)-Catalyzed Suzuki Cross-
Coupling Reaction 
Since then, several palladium catalysts systems such as: Pd2(dba)3/t-Bu3P catalyst system,[9] t-
Bu3P-coordinated 2-phenylaniline-based palladacycle catalyst system,[10] Ad3P-coordinated 
acetanilide-based palladacycle catalyst system [11] have been reported to be highly efficient 
catalyst systems for Pd(0)-catalyzed Suzuki cross-coupling polymerizations. However, very 
limited reports related to achieve high molecular weight π-conjugated polymers with Suzuki 
cross-coupling polymerization reactions as a result of a combination of factors including 
monomer purity, polymer solubility, rate of reaction. The preparation of high molecular weight 
π-conjugated polymers usually required long reaction time and high reaction temperature. Thus, 
development of synthetic method for high molecular weight π-conjugated polymers with mild 
condition is desired.  
We envisioned that if the already reached high molecular weights Pd(0)-catalyzed Suzuki cross-




















AB-type monomer approach (AB-approach) and react for one more catalytic cycle, the degree of 
polymerization of the polymers would be doubled to reach high molecular weights (Scheme 15). 
 
Scheme 15. Mechanism of AA/BB-Approach and AB-Approach Polymerizations 
Thus, if the combination of the AA/BB-approach and AB-approach is operative at mild condition, 
the Pd(0)-catalyzed Suzuki cross-coupling polymerization would be an efficient way to 
synthesize π-conjugated polymers with very high molecular weights. In order to make the 
polymerization go for one more catalytic cycle, excess of aryl dibromides is required to pick up 
the regenerated 12-electron LPd(0) species to avoid decomposition. An early stage of the 
polymerization involves the AA/BB-approach polymerization reactions, the 12-electron LPd(0) 
species undergo the preferential oxidative addition mechanism react with the aryl dibromides 
resulting diborates functional ending groups polymers (Scheme 16). The regenerated 12-electron 
LPd(0) species by reductive elimination step undergoes intermolecular transfer from the coupled 














































with the polymerizing chain and intramolecular transfer to the polymer chain end to form AB-
type of polymers due to the lack of aryldiborates in the mixture (Scheme 16, AA/BB-Approach). 
Afterward, the AB-type of polymer chains couple with each other or the diborates ending 
polymer chains to form high molecular weight polymers (Scheme 16. AB-Approach). Due to the 
poor flexibility and mobility of the polymer chain in the solution, the latter stage, most likely, 
only involved one or two catalytic cycles. Such extra catalytic cycle requires high stability, 
reactivity and purity of the palladium catalyst as well as the monomers. Thus, I examined the 
Pd(0)-catalyzed Suzuki cross-coupling polymerization for high molecular weights polymers with 
different palladium catalysts including t-Bu3P-coordinated 2-phenylaniline-based palladacycle 
complex 1a, XPhos-coordinated 2-phenylaniline-based palladacycle complex 1b, Ad3P-
coordinated acetanilide-based palladacycle complex 1c. With 1a and 1c as catalyst, the high 
molecular weights polymers can be produced due to 12-electron (t-Bu3P)Pd(0) species and 12-
electron (Ad3P)Pd(0) species achieve preferential oxidative addition mechanism while 
(XPhos)Pd(0) doesn’t. The XPhos ligand is just like the other Buchwald-type monophosphines 
[12] could only occur preferential oxidative addition partially because it is less electron-rich and 
its intramolecular aromatic rings coordinated with Pd(0) weaken its capability of coordination for 
preferential oxidative addition. Different combinations of AA- and BB- monomers are 
demonstrated to produce extremely high molecular weights polymers in this chapter. 
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Scheme 16. Proposed Mechanism of Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerization for 













































































3.2 Results and Discussion 
3.2.1 Catalysts and Reaction Condition Screening for Pd(0)-Catalyzed Suzuki Cross-
Coupling Polymerizations of AABB-Type Monomer for High Molecular Weights Polymers 
Previously, the room temperature Suzuki cross-coupling polymerization of AA/BB-type 
monomer with t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1a as catalyst 
demonstrated to be very efficient for π-conjugated polymers synthesis, however, it was difficult 
to reach very high molecular weights. Based on our understanding of the Pd(0)-catalyzed Suzuki 
cross-coupling polymerization and the preferential oxidative addition mechanism, we reasoned 
that the AA/BB-approach polymerization could be turned into a combination of AA/BB-
approach and AB-approach polymerization to achieve high molecular weights polymers 
synthesis by simply changing the feeding ratio of aryl dibromides and aryl diborates. I began my 
study by screening different feeding ratio of aryl dibromides (2a) and aryl diborates (3a) as 
model reaction. Different palladium catalysts were tested with different feeding ratio of 2a and 
3a. The results are listed in Table 3.1. I found that with excess aryl diborates (3a) present in 
reaction mixture, the major products were trimer due to the 12-electron t-Bu3P-Pd(0) species 
underwent preferential oxidative addition (Table 3.1, entry 1).  By increasing the feeding ratio of 
2a to 3a from 1:1 to 1.1:1 (Table 3.1, entries 2-5), the molecular weights of polymers increased 
from Mn = 71,700 up to 172,100, more than doubled. These results supported our thinking of 
AABB-approach turned into AB-approach mechanism. However, keeping increasing the amount 
of aryl dibromides won’t help the growth of the polymer chain because of its poor flexibility and 
mobility in the solvent (Table 3.1, entry 7). Catalyst 1b and 1c were examined as well, either of 
them provided result as good as catalyst 1a (Table 3.1, entries 8-11). XPhos as ligand for Suzuki 
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cross-coupling polymerization we knew is not as good as t-Bu3P because it is less electron rich 
than t-Bu3P. 
Table 3.1 Room Temperature Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerizations of Aryl 
Dibromides and Aryl Diborates a 
 
Entry Catalyst X: Y Time Yield (%) b Mn (PDI) c 
1 
 
1:3 1 h 90 1,995 (1.22) 
2 1a 1:1 1 h 86 71,700(2.16) 
3 1a 1.02:1 1 h 88 100,900(1.71) 
4 1a 1.05:1 1 h 79 105,400(1.76) 
5 1a 1.1:1 1 h 83 172,100(2.25) 
6 1a 1.3:1 0.5h 75 170,000(2.16) 
7 1a 1.3:1 1 h 86 170,800(2.14) 
8 
 
1:1 1 h 85 32,700(2.50) 


























1:1 1 h 75 8,500(1.75) 
11 1c 1.1:1 1 h 83 9,200(1.75) 
12 1c 1:1 2 h 90 46,200(1.99) d 
13 1c 1.1:1 2 h 87 71,400 (1.40) d 
a Polymerization condition: Dibromides (X equiv.), diborates (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M, 10 equiv.), THF (2 mL), r.t. b Isolated yields. c GPC analysis (polystyrene standard, 
THF, 40 ˚C). d K3PO4 (2M, 20 equiv.) 
 
Tris(1-adamantyl)phosphine (Ad3P) has recently been reported to be sterically similar to t-Bu3P 
but more electron rich than t-Bu3P,[13] our laboratory also found it was an efficient precatalyst to 
achieve preferential oxidative addition for controlled Suzuki cross-coupling polymerization of 
AB-type monomers.[11] However, catalyst 1c provided worse results than 1a and 1b. The reason 
most likely was because that the Ad3P is bulkier than t-Bu3P lead to the polymerization with 
Ad3P as the ligand occurred slower than the polymerization with t-Bu3P as the ligand. Therefore, 
polymerizations of catalyst 1c with more base (20 equiv. of K3PO4) and longer reaction time 
were carried out. The results are listed in Table 3.1 (Entries 12 and 13). We can see the molecular 
weights increased from Mn = 46,200 to 71,400 by changing the feeding ratio of 2a and 3a. More 
reaction condition exploration of 1c-catalyzed Suzuki cross-coupling polymerization for high 
molecular weights polymers synthesis are listed in Table 3.2. The polymerization results of aryl 
dibromides (2b) and aryl diborates (3b) catalyzed by 1c showed that unlike the polymerization 
catalyzed by 1a, extra 10% of aryl dibromides was not enough to capture the regenerated 12-







weights polymers in the polymerization process and there was a limit. If we added more than 3 
equivalents of aryl dibromides to the reaction, the molecular weights would start dropping down 
(Table 3.2, entries 3-6). 
Table 3.2 Room Temperature Pd(0)-/Ad3P-Catalyzed Suzuki Cross-Coupling Polymerizations of 
Aryl Dibromides and Aryl Diborates a 
 
Entry X: Y K3PO4 Time Yield (%) b Mn (PDI) c 
1 1:1 20 equiv. 2 h 85 62,300(1.46) 
2 1.1:1 20 equiv. 1 h 78 31,200(1.87) 
3 1.1:1 20 equiv. 2 h 89 92,300(1.45) 
4 2:1 20 equiv. 2 h 83 109,800(1.76) 
5 3:1 20 equiv. 2h 86 181,600(1.82) 
6 4:1 20 equiv. 2h 90 130,600(1.71) 
a Polymerization condition: Dibromides (X equiv.), diborates (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M, 20 equiv.), THF (2 mL), r.t. b Isolated yields. c GPC analysis (polystyrene standard, 






















3.2.2 Pd(0)-/t-Bu3P-Catalyzed Suzuki Cross-Coupling Polymerizations of AABB-Type 
Monomer for High Molecular Weights Polymers at Room Temperature 
The investigation of base effect on high molecular weights polymers synthesis came out first. 
With t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex 1a as the catalyst, the 
Suzuki cross-coupling polymerization of 2a and 3a as model reaction were examined to 
understand the influence of different amounts of base on polymerization process. The molecular 
weights were examined by gel permeation chromatography (GPC) with THF as eluent at 40 ˚C, 
results are listed in Table 3.3. The molecular weights significantly increased with the increasing 
of the base from 4 equivalents to 8 equivalents (Table 3.3, entries 1-3). Within 30 minutes 
reaction, the molecular weights could be increased from Mn =5,800 to Mn = 205,000 by simply 
adding more bases. Continuously adding bases would not help to increase the molecular weights 
much due to the large size of the polymer obtaining poor flexibility, mobility and solubility 
(Table 3.3, entries 4-7). These results indicated that t-Bu3P-coordinated 2-phenylaniline-based 
palladacycle complex 1a was a highly efficient catalyst for high molecular weights polymers 
synthesis and supported our hypothesis as well. 
Table 3.3 The Influence of the Amount of Base on Room Temperature 1a-Catalyzed Suzuki 
Cross-Coupling Polymerization of 2a with 3a for High Molecular Weights Polymers a 
 
Entry K3PO4 (equiv.) Yield (%) b Mn (PDI) c 


















2 6 81 63,100 (2.39) 
3 8 75 205,000 (3.87) 
4 10 74 216,400 (4.49) 
5 12 74 217,200 (4.48)  
6 14 74 213,900 (4.56)  
7 20 72 222,900 (5.74) 
a Polymerization condition: Dibromide (1.1 equiv.), diboronic acid (1 equiv.), Pd catalyst (2 
mol%), K3PO4 (2M), THF (2 mL), r.t., 30min. b Isolated yields. c GPC analysis (polystyrene 
standard, THF, 40 ˚C). 
I next tested palladacycle complex 1a-catalyzed Suzuki cross-coupling polymerizations of 
different AA/BB-type monomer combination for extremely high molecular weights polymers 
synthesis at room temperature. The purity of all monomers was estimated to be higher than 99% 
by NMR spectroscopy. The polymerizations were carried out in THF/H2O mixed solution using 
2 mol% of palladacycle complex 1a as catalyst. The results are listed in Table 3.4. After the 
reaction was done, the mixture was poured into water and extracted with dichloromethane, then 
precipitated with methanol. The results showed palladacycle complex 1a-catalyzed Suzuki cross-
coupling polymerization of different combinations of aryl dicbromides and aryl diborates with 
different feeding ratios afforded polymers with different molecular weights. For the electron rich 
monomer combinations, the molecular weights increased from Mn = 66,000-85,000 to Mn = 
191,900-237,700 (Table 3.4, entries 1-6). I also tested electron donating and electron accepting 
monomer combinations (D-A), the result was promising. Molecular weights can be raised to Mn 
=58,300 from Mn = 9,600 which was limited by the polymer solubility (Table 3.4, entries 7-8).  
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Table 3.4 1a-Catalyzed Suzuki Cross-Coupling Polymerizations of AABB-Type Monomer for 
High Molecular Weights Polymers at Room Temperature a 
 
Entry Br-Ar-Br (HO)2B-Ar’-B(OH)2 X: Y Yield (%) b Mn (PDI) c 
1 2a 3a 1:1 70 66,000(2.25) 
2 2a 3a 1.1:1 74 216,400(4.49) 
3 2a 
 
1:1 85 85,000(1.99) 
4 2a 3b 1.1:1 86 191,900(1.97) 
5 
 
3b 1:1 74 68,500(2.16) 
6 2b 3b 1.1:1 83 237,700(2.37) 
7 
 
3a 1:1 99 9,600(2.11) d 
8 2c 3a 1.1:1 99 58,300(2.46) d 
a Polymerization condition: Dibromide (X equiv.), diboronic acid (1 equiv.), Pd catalyst (2 
mol%), K3PO4 (2M, 10 equiv.), THF (2 mL), r.t., 30min. b Isolated yields. c GPC analysis 
























Figure 4. GPC graphs of polymers produced by different feeding ratio (Red: 1.1 equiv. of 
aryldibromides, Blue: 1.0 equiv. of aryldibromides) 
The GPC graphs showed that the difference of the polymers produced by two different feeding 
ratios was obvious (Figure 4). From those clear and symmetrical GPC peaks, we know that the 
high molecular weights we got were not because of the aggregation of the polymers. The end 
groups of the polymers were analyzed by 1H NMR. I added 4-methoyphenyl boronic acid into 
polymerization mixture for 1 hour to quench the living end of the polymer chain. Then ethyl 4-
bromobenzoate was used to cap the other borate chain end (Scheme 17).  
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Scheme 17. Polymerization of 2a and 3a with controlled end groups 
From 1H NMR spectrum shown in Figure 5, we can observe both functional chain-ends in the 
polymer chains which indicated that most likely the Pd(0)-catalyzed Suzuki cross-coupling 
polymerization of AABB-type monomer would undergo the combined mechanism by adding 
excess aryl dibromides to the reaction, which the AB-type of polymer formed during the 
polymerization process. The molecular weight calculated by the integration from proton NMR 
spectrum of the end groups and the repeat units which matches the molecular weight calculated 
by GPC, which confirmed that the structure of the polymer was the one we were looking for. The 
high molecular weight of the polymer was not from the aggregation of the low molecular 
polymers. More importantly, this observation indicated that the functional end groups can be 



















Mn= 139,700 PDI= 1.97Polymer
 67 
 
Figure 5. 1H NMR of the end controlled high molecular weight polymer 
 
3.3 Summary 
In this chapter, the synthesis of extremely high molecular weights π-conjugated polymers was 
achieved, different palladium catalysts were examined for high molecular weights polymer 
synthesis including t-Bu3P-coordinated 2-phenylaniline-based palladacycle complex, Xphos-
coordinated 2-phenylaniline-based palladacycle complex and Ad3P-coordinated acetanilide-
based palladacycle complex. A plausible combined mechanism was proposed to explain the 
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formation of the high molecular weight polymers. Most likely the Pd (0)-catalyzed Suzuki cross-
coupling polymerization of AA/BB approach turned into AB approach when the polymer chain 
reached at a certain length and excess aryl dibromides existed in the reaction mixture to react 
with the regenerated 12-electron LPd (0) species. The π-conjugated polymers with high 
molecular weights can be easily synthesized at mild condition by using this method. My research 
of Pd (0)-catalyzed Suzuki cross-coupling polymerization of aryl dichlorides will be carried out 
in the next chapter. 
3.4 Experiment section 
General: 1H, 13C NMR spectra were recorded on Varian 300 MHz NMR spectrometer. 
Chemical shifts were referenced to the signals of internal (CH3)4Si (TMS). All reported yields 
refer to isolated yields unless otherwise indicated. Mn and Mw/Mn (PDI) value of polymers 
were measured with gel permeation chromatography (Waters alliance GPC 2000) using THF as 
eluent (1 mL/min) at 40 ˚C, which were calibrated with polystyrene standards. 2,7-dibromo-9,9-
dihexyl-9H-fluorene, 2,7-dibromo-9,9-dioctyl-9H-fluorene, 9,9-dioctyl-2,7-bis(4,4’,5,5’-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene and 9,9-dihexyl-2,7-bis(4,4’,5,5’-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-fluorene were prepared in a way similar to the literature. [14] 
Complexes 1a, 1b, 1c were prepared by following the reported method. [13,15] The purity of these 
monomers was estimated to be greater than 99% as determined by 1H NMR. THF was freshly 
distilled from sodium/benzophenone. K3PO4 base solution was freshly prepared and degassed 
with N2 overnight. Unless otherwise mentioned, other solvents and reagents were purchased 
from commercial sources and used as received.  
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General Procedure for the Suzuki cross-coupling polymerization: Under N2 atmosphere, to a 
solution of aryl dibromides monomer (0.11 mmol) and aryl diborates monomer (0.1 mmol) in 
dry THF (2.0 mL), precatalyst 1a (0.002 mmol, 2 mmol%) was added. K3PO4 solution (2 M, 0.5 
mL) was then added to the mixture. After stirring at room temperature for 30 minutes, the 
mixture was poured into water with stirring. The product was extracted with CH2Cl2 (3 x 15 mL), 
the combined organic layer was washed with brine and dried over Na2SO4. After removal of 
solvents under vacuum, the residue was dissolved in a small amount of THF and added slowly to 
methanol with stirring. The precipitation formed was collected by filtration, washed with 
methanol. The dissolution precipitation process was repeated two more times to afford the final 
product, which was dried under vacuum for 4 h.  
 
Orange solid. 1H NMR (300 MHz, CDCl3): δ 8.10 (d, 2 H), 8.05 (s, 2 H), 7.89-8.02 (m, 4 H), 
2.16 (br, 4 H), 1.12 ~ 1.24 (m, 12 H), 0.74 ~ 0.88 (m, 10 H) ppm. 13C NMR (75 MHz, CDCl3): δ 
154.4, 151.8, 140.9, 136.5, 133.6, 128.3, 128.0, 124.0, 120.0, 55.4, 40.3, 31.5, 29.8, 29.7, 24.0, 











Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.84 (d, J = 7.2 Hz, 4 H), 7.67 ~ 7.70 (m, 8 H), 
2.12 (br, 4 H), 1.14 ~ 1.22 (m, 36 H), 0.78 ~ 0.84 (m, 20 H) ppm. 13C NMR (75 MHz, CDCl3): δ 
152.5, 151.7, 140.5, 139.9, 139.0, 130.1, 126.1, 121.4, 121.1, 119.9, 55.3, 40.3, 40.1, 31.7, 31.4, 
30.0, 29.8, 29.6, 29.2, 23.9, 23.8, 23.9, 22.6, 22.5, 14.0, 14.0 ppm. GPC profile: Mn = 237,700 
(PDI = 2.37).  
 
Yellow solid. 1H NMR (300MHz, CDCl3): δ 7.84 (d, J = 7.2 Hz, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 
(br, 4 H), 1.14 ~ 1.24 (m, 24 H), 0.79 ~ 0.84 (m, 10 H) ppm. 13C NMR (75 MHz, CDCl3): δ 
151.8, 140.4, 140.0, 126.1, 121.4, 119.9, 55.3, 40.3, 31.7, 30.0, 29.2, 24.8, 23.8, 22.6, 14.0 ppm. 
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Chapter 4. Room Temperature Pd(0)/Ad3P-Catalyzed Suzuki Cross-Coupling 
Polymerizations with Aryl Dichlorides  
4.1 Introduction 
The previous chapter described Pd(0)-catalyzed Suzuki cross-coupling polymerizations (SCCPs) 
of aryl dibromides and aryl diiodides with aryldiborates at room temperature which afforded 
polymers with comparable to or higher molecular weight than that of polymers at high 
temperature reaction condition. This is the most powerful and synthetically valuable processes 
for the synthesis of π-conjugated polymers. However, the use of aryl dibromides[1]	 or aryl 
diiodides[2] is usually mandatory. As we know, aryl chlorides are cheaper and more easily 
accessible than aryl dibromides and diiodides. Many of the aryl chlorides are commercially 
available. It is attractive for us to employ aryl chlorides to SCCPs for π-conjugated polymers. If 
so, the applicability of SCCPs would be significantly widened. For many years, the major 
concern of chlorides SCCPs has been the poor reactivity of aryl dichlorides which usually 
attributed to the strength of the C-Cl bond leads to slow oxidative addition process and the low 
catalytic efficiency of the catalyst. Only certain activated aryl chlorides, like heteroaryl chlorides 
which bear electron-withdrawing groups can be used for small molecular coupling reaction. 
Since 1998, the palladium catalysts coordinated with bulk, electron-rich phosphines have been 
reported as highly efficient catalyst system for chlorides coupling reactions.[3] The phosphine 
ligands included biaryl-based phosphines,[4] diadamantyl phosphines,[5] tris-tert-
butylphosphine,[6] and pentaphenylated ferrocenyl phosphines.[7] However, the palladium-
catalyzed Suzuki cross-coupling polymerization with aryl dichlorides is rarely reported.  Schlüter 
first reported Suzuki cross-coupling polymerization of aryl dichlorides with Pd[P(p-tolyl)3]3 and 
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Buchwald’s ligand.[8] The polymerization reaction required dichloro-monomer and diboronic 
acid ester under refluxing for 4 days. The highest molecular weight (Mn) of polymers they 
produced was only 9,900 with a PDI of 2.3, which was low for the application of the π-
conjugated polymers.[8] Oscar Navarro[9] and Michael Sommer[10] also reported SCCPs with 
dichloride monomers. However, these polymerizations required high polymerization reaction 
temperature and lengthy reaction time. In the meantime, the molecular weight and yield were not 
high. In our laboratory, we have been interested in employing aryl dichlorides to produce π-
conjugated polymers with high molecular weight. We found that with t-Bu3P-coordinated 2-
phenylaniline-based palladacycle complex as catalyst, we could produce polymers with aryl 
dichlorides at 60 ˚C within one hour, with the yields and molecular weight higher than those by 
the reported method. However, only a few relatively reacted aryl dichlorides worked. In order to 
increase the potential of SCCPs, it is necessary to develop new phosphine ligands which can be 
applied to widen the scope of aryl dichlorides for SCCPs in mild condition. Tris(1-
adamantyl)phosphine (Ad3P) has recently been reported to be sterically similar to t-Bu3P but 
with significantly more electron donating than t-Bu3P (Figure 6).[11]  
 
Figure 6. Tris(1-admantyl)phosphine (Ad3P) and Ad3P-Coordinated Acetanilide-Based 
Palladacycle Complex 1. 
Our group found that Ad3P was an efficient ligand for controlled Pd(0)-catalyzed Suzuki cross-
coupling polymerizations of AB-type monomers. Ad3P-coordinated acetanilide-based 
palladacycle complex (1) (Figure 6) as catalyst for SCCPs could afford polymers with narrow 









Miyaura cross-coupling of p-chloroanisole and 1-naphthylboronic acid with Pd/Ad3P as catalyst 
was also reported, which could provide 99% yield within 10 minutes due to the donicity and 
polarizability of the Ad3P led to high reactivity of the catalyst system.[11] Thus, we believed this 
Ad3P ligand could be enrolled into SCCPs of aryl dichlorides and might end up with good results.  
In this chapter, the room temperature Pd(0)/Ad3P-catalyzed Suzuki cross-coupling 
polymerizations of aryl dichlorides and aryldiborates were carried out (scheme 18). With Ad3P-
coordinated acetanilide-based palladacycle complex 1 as catalyst, we were able to produce 
polymers with molecular weight up to 61,100 (1.61) under room temperature within 10 minutes. 
The influence of base on polymerization was evaluated as well. 
 
Scheme 18. Ad3P-Coordinated Acetanilide-Based Palladacycle Complex 1 as catalyst for Room 







K3PO4 , THF, r.t., 10 min
Ar ClCl Ar Ar' n
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4.2 Results and Discussion 
4.2.1 Room temperature Pd-Catalyzed Suzuki Cross-Coupling Polymerization with 
different catalyst 
According to Buchwald’s report,[13] the Pd2(dba)3/XPhos catalyst system allowed for very low 
quantities of catalyst loading and provided a quantitative yield of homocoupling product of aryl 
cholorides and boronate esters with K3PO4•H2O used at elevated temperature. Pd2(dba)3/SPhos 
was proved to be better catalyst system for the room temperature coupling reaction, and it also 
could produce homocoupling product with aqueous K3PO4.[13] Considering that multiple 
phosphine ligands worked for aryl chlorides coupling reactions and based on our understanding 
of Pd-catalyzed Suzuki cross-coupling polymerization, my study began with the examination of 
different palladium catalyst system for the polymerization of 2,7-dichloro-9,9-dihexylfluorene 
(2a) with 9,9-dihexyl-2,7-fluorenyldiborate (3a). As shown in Table 4.1, I tested different 
palladium catalysts for Suzuki cross-coupling polymerizations of aryl dichlorides, including 
Ad3P-coordinated acetanilide-based palladacycle complex 1, t-Bu3P-coordinated 2-
phenylaniline-based palladacycle complex, XPhos-coordinated 2-phenylaniline-based 
palladacycle complex and SPhos-coordinated 2-phenylaniline-based palladacycle complex. The 
polymerizations were performed in THF with 2 mol% of Pd catalyst at room temperature for 10 
minutes. I found that Ad3P-coordinated acetanilide-based palladacycle complex 1 catalyzed 
polymerization of 2a and 3a afforded polymer with a molecular weight of Mn=54,800 (GPC 
value, polystyrene standards) (Table 4.1, Entry 1) within 10 minutes, which was very high no 
one ever reached before. XPhos-coordinated 2-phenylaniline-based palladacycle complex and 
SPhos-coordinated 2-phenylaniline-based palladacycle complex catalyzed polymerization of 2a 
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and 3a also worked, provided polymers with molecular weight of Mn= 7,900 (2.37) and Mn= 
6,700 (2.04). (Table 4.1, Entry 3, 4) Whereas, t-Bu3P-coordinated 2-phenylaniline-based 
palladacycle complex catalyzed polymerization of 2a and 3a was barely no reaction. In addition, 
it is worth mentioning that complex 1 and XPhos-coordinated 2-phenylaniline-based 
palladacycle complex catalyzed Suzuki cross-coupling polymerizations gave inspired results of 
molecular weight Mn = 63,300 (4.00) and Mn = 57,500 (7.40) (Table 4.1, Entry 5,6) after 
extending the reaction time to 20 minutes, while the other catalysts performed the same. 
However, both of the polymers precipitated out from the solvent due to the solubility issue. 
These results indicated the high efficiency of complex 1 as the catalyst for SCCPs of aryl 
dichlorides at room temperature. 
Table 4.1 Room Temperature Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerization of Aryl 
Dichlorides with Aryldiboronic Acids Pinacol Ester a 
 
Entry Catalyst Reaction Time Yield b Mn (PDI)c 
1 
 
10 min 76% 54,800(4.95) 
2 
 










K3PO4 (1.0 mL, 2M)













10 min 55% 7,900(2.37) 
4 
 
10 min 92% 6,700(2.04) 
5 
 
20 min 95% 63,300(4.00) d 
6 
 
20 min 90% 57,500(7.40) d 
a Polymerization condition: Dichlories (1 equiv.), diborate ester (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M, 20 equiv.) THF (1 mL), room temperature, 10 minutes. b Isolated yields. c GPC 
analysis (polystyrene standard, THF, 40˚C. d Precipitation was observed. 
 
4.2.2 Room Temperature Suzuki Cross-Coupling Polymerization of Aryl Dichlorides 
Monomers with Palladacycle Complex 1 as catalyst 
Previous research showed that the base had significant influence on Pd(0)-catalyzed SCCPs and 
transmetalation step has been reported to be impacted by the amount of base used. Thus, I 
investigated the effect of base amounts on palladacycle complex 1 catalyzed SCCPs by using 
dichlorides 2a and diborate ester 3a as model reaction. The molecular weights were examined by 
gel permeation chromatography (GPC) with THF as eluent at 40 ˚C. The results listed in Table 
4.2, the molecular weight of polymers increased with increasing the amount of base. With the use 















yield after 10 minutes polymerization (Table 4.2, Entry 1). By increasing the amounts of K3PO4 
from 5 equivalents to 10 equivalents, the molecular weight increased immediately from Mn = 
6,100 to Mn = 40,000 (8.28) within 10 minutes (Table 4.2, Entry 2). It was found that the 
polymerization reaction of 2a and 3a was also limited by the solubility of the polymer. If more 
than 25 equivalents of K3PO4 were used in the reaction, the precipitation of the polymer would 
be observed during the reaction process due to the solubility issue (Table 4.2, Entry 5). In this 
case, the 20 equivalents of base usage were chosen for room temperature Pd-catalyzed Suzuki 
cross-coupling polymerization of aryl dichlorides and aryl diborate ester (Table 4.2, Entry 4). 
These results also demonstrated that palladacycle complex 1 was a highly efficient catalyst for 
SCCPs of aryl dichlorides at room temperature. 
Table 4.2 The Influence of the Amount of Base on Room Temperature Palladacycle Complex 
Catalyzed Suzuki Cross-Coupling Polymerization of Aryl Dichlorides with Aryldiboronic Acids 
Pinacol Ester a 
 
Entry K3PO4(equiv.)  Yield (%) b Mn (PDI) c 
1 5  92% 6,100(1.90) 
2 10  90% 40,000(8.28) 










K3PO4 (2M), 10 min




4 20  76% 54,800(4.95) 
5 25  71% 66,500(4.01) d 
a Polymerization condition: Dichlorides (1 equiv.), diborate ester (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M) THF (1 mL), room temperature, 10 minutes. b Isolated yields. c GPC analysis 
(polystyrene standard, THF, 40˚C). d Precipitation was observed. 
I next examined the room temperature SCCPs of a number of aryldichlorides and aryl diborate 
esters with the highly efficient catalyst palladacycle complex 1. The purity of all monomers was 
estimated to be higher than 99% by 1H NMR spectroscopy. Suzuki cross-coupling 
polymerizations of aryl dichlorides were carried out in THF/H2O mixed solution using 2 mol% 
of palladacycle complex 1 as catalyst. The results are listed in Table 4.3. The polymerizations 
were done with 0.1 mmol of aryl dichloromonomer in order to avoid inadvertent stoichiometry. 
For work up, the mixture was poured into water and extracted with dichloromethane, then 
precipitated with methanol. The results showed palladacycle complex 1-catalyzed room 
temperature Suzuki cross-coupling polymerization of aryl dichlorides afforded polymers in high 
yields within 10 minutes, with the high molecular weights up to Mn =61, 100 (1.51) that no one 
ever reached before.  
Table 4.3 Palladacycle Complex 1 Catalyzed Suzuki Cross-Coupling Polymerization of Aryl 
Dichlorides with Aryldiboronic Acids Pinacol Estera 
 
Entry   







K3PO4 , THF, r.t., 10 min
Ar ClCl Ar Ar'
n







2  3a 81% 50,900(1.56) 
3  3a 88% 16,200(2.36) 
4 
 




6 2b 3b 72% 61,100(1.51) 
7 2c 3b 99% 15,000(2.74) 




10 2b 3c 43% 2,200(1.33) d 
11 2c 3c 75% 2,500(1.28) d 
12 2d 3c 72% 15,600(1.54) 
a Polymerization condition: Dichlories (1 equiv.), diborate ester (1 equiv.), Pd catalyst (2 mol%), 
K3PO4 (2M) THF (1 mL), room temperature, 10 minutes. b Isolated yields. c GPC analysis 




























4.2.3 Pd(0)-catalyzed Controlled Suzuki Cross-Coupling Polymerization of AB-Type 
Chloro-Containing monomers 
Based on our preferential oxidative addition study[14] and controlled polymerization study[15], our 
group reported Ad3P-coordinated acetanilide-based palladacycle complex 1 was an efficient 
initiator which can afford conjugated polymers with predictable molecular weights,  narrow PDI 
and well-defined functional chain end groups.[12] We thus believed that palladacycle complex 1 
might be able to catalyze the controlled Pd(0)-catalyzed cross-coupling polymerization of AB-
type chloro-containing monomers. I started with the preferential oxidative addition mechanism 
study of aryl dichlorides with 1,3-dichlorobenzene and p-tolylboronic acid (Scheme 19).  
 
Scheme 19. Room Temperature Pd(0)-Catalyzed Suzuki Cross-Coupling of Dichlorobenzene 
with Arylboronic Acid and NMR Spectrum. 
From 1H NMR spectrum (Figure 7), the preferential oxidative addition occurred to some extent, 
however, only 39.3% of disubstituted product. With this low preferential oxidative addition rate, 
the polymerization of aryl dichlorides can barely undergo chain growth process. Even though the 
preferential oxidative addition rate was not as high as the Pd(0)/t-Bu3P catalyst system, the 












Figure 7. 1H NMR spectroscopy of 1,3-dichlorobenzene and p-tolylboronic acid reaction 
mixture 
Then, I tested the polymerization of 7-chloro-9,9-dihexylfluoren-2-ylboronic acid ester using 
complex 1 as initiator (Table 4.4). However, the results showed the polymerization process was 
not a controlled process. In order to figure out the reason that polymerization of AB-type of 
chloro-containing monomers underwent regular polymerization process instead of controlled 
polymerization, the in situ generated ArPd(Ad3P)Br complex and ArPd(SPhos)Br complex were 
used for controlled polymerization of AB-type chloro-containing monomers. The results listed in 
Table 4.4 showed that even catalyzed with different initiators, the polymerization of AB-type 
chloro-containing monomers still didn’t undergo the controlled polymerization process. Further 
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study of controlled Suzuki cross-coupling polymerization of aryl dichlorides is currently 
underway. 
Table 4.4 Controlled Pd(0)-Catalyzed Suzuki Cross-Coupling Polymerization of AB-Type 
Chloromonimer a 
  
Entry Initiator Initiator amount Yieldb Mn c 
1 
 
6 mol% 84% 14,200 (2.20) 
2 
 
20 + 12mol% 52% 4,400 (2.13) 
3 
 
20 + 12mol% 52% 3,200 (1.80) 
a Polymerization condition: monomer (0.1 mmol), Initiator, K3PO4 (2M, 10 equiv.) THF, room 
temperature, 1 hour. b Isolated yields. c GPC analysis (polystyrene standard, THF, 40˚C.  
 
4.3 Summary 
This chapter introduced the room temperature Pd(0)-catalyzed Suzuki cross-coupling 
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palladacycle complex 1 as catalyst. The polymerization reaction took place at room temperature 
very fast and resulted in polymers with very high molecular weight within 10 minutes, Mn up to 
61,100. Since aryl dichlorides are cheaper and better commercially available than dibromides, 
our study could be very valuable for Suzuki cross-coupling polymerizations to produce high 
molecular weight polymers with aryl dichloride monomers within short reaction time at room 
temperature. To make this already powerful polymerization method even better, the research 
aims to controlled polymerization of chloride AB-type monomer is currently underway.  
4.4 Experiment section 
General: 1H, 13C NMR spectra were recorded on Varian 300 MHz NMR spectrometer. 
Chemical shifts were referenced to the signals of internal (CH3)4Si (TMS). All reported yields 
refer to isolated yields unless otherwise indicated. Mn and Mw/Mn (PDI) value of polymers 
were measured with gel permeation chromatography (Waters alliance GPC 2000) using THF as 
eluent (1 mL/min) at 40 ˚C, which were calibrated with polystyrene standards. 2,5-
bis(hexyloxy)-1,4-phenylenediboronic acid were prepared according to the reported procedure. 
[16] 2,7-dichloro-9,9-dihexyl-9H-fluorene, 9,9-dioctyl-2,7-bis(4,4’,5,5’-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-fluorene and 9,9-dihexyl-2,7-bis(4,4’,5,5’-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-fluorene were prepared in a way similar to the literature. [17] Complexes 1 
were prepared by following the reported method. [11] The purity of these monomers was 
estimated to be greater than 99% as determined by 1H NMR or GC-MS. The product purity was 
estimated to be greater than 95% as determined by 1H NMR. THF was freshly distilled from 
sodium/benzophenone. K3PO4 base solution was freshly prepared and degassed with N2 
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overnight. Unless otherwise mentioned, other solvents and reagents were purchased from 
commercial sources and used as received.  
7-chloro-9,9-dihexylfluoren-2-ylboronic acid pinacol ester 
To a 0 ˚C mixture of 10.0 g of 2-bromofluorene and 6.6 g of NCS in 20 mL of MeCN, dropwise 
added 4.4 mL of concentrated HCl. Stirred overnight and raised the temperature to room 
temperature, the crude 2-bromo-7-chloro-9H-fluorene was formed. Wash the solid with methanol 
and n-heptane to get 9.6 g of product for next step (86%).  
8.5 g of 2-bromo-7-chloro-9H-fluorene, 9.9 g of 1-bromohexane and 11.2 g of potassium 
hydroxide were dissolved in 100 mL of DMSO and stirred overnight. The crude product was 
purified by column chromatography through silica gel (hexanes) to give 10.4 g of 2-bromo-7-
chloro-9,9-dihexyl-9H-fluorene (78%).  
The mixture of 2.24 g of 2-bromo-7-chloro-9,9-dihexyl-9H-fluorene in 50 mL of THF was cool 
down to -78 ˚C for 15 minutes. Then, 2.4 mL of n-BuLi (2.5M in Hexanes) was dropwise added 
to the mixture, stirred at -78 ˚C for 1 hour. 2.0 mL of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane then added to the mixture, stirred overnight. Let the temperature raise to room 
temperature. The crude product was purified by column chromatography through silica gel (EA 
and hexanes) to get 1.78 g of 7-chloro-9,9-dihexylfluoren-2-ylboronic acid pinacol ester (72%).  
1H NMR (600 MHz, CDCl3): δ= 7.80 (d, 1H), 7.72 (s, 1H), 7.64 (t, 2H), 7.29 (m, 2H), 1.95 (m, 
4H), 1.39 (s, 12H), 1.04 (m, 14H), 0.76 (t, 6H), 0.56 (m, 4H) 
13C NMR (150 MHz, CDCl3): δ=153.25, 149.86, 143.18, 139.65, 133.87, 133.28, 128.86, 127.06, 
123.30, 121.07, 119.00, 83.80, 55.43, 40.19, 31.48, 29.63, 24.97, 23.64, 22.60, 14.03. 
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General Procedure for the Suzuki cross-coupling polymerization: Under N2 atmosphere, to a 
solution of dichloride monomer (0.1 mmol) and diboronic acid monomer (0.1 mmol) in dry THF 
(1.0 mL), precatalyst 1 (0.002 mmol, 2 mmol%) was added. K3PO4 solution (2 M, 0.5 mL) was 
then added to the mixture. After stirring at room temperature for 10 minutes, the mixture was 
poured into HCl solution (5 M, 10 mL) with stirring. The product was extracted with CH2Cl2 (3 
x 15 mL), the combined organic layer was washed with brine and dried over Na2SO4. After 
removal of solvents under vacuum, the residue was dissolved in a small amount of THF and 
added slowly to methanol with stirring. The precipitation formed was collected by filtration, 
washed with methanol. The dissolution-precipitation process was repeated two more times to 
afford the final product, which was dried under vacuum for 4 h.  
 
Brown solid. 1H NMR (300 MHz, CDCl3): δ 7.84 (d, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 (br, 4 H), 
1.13 ~ 1.17 (m, 16 H), 0.79 (t, J = 7.2 Hz, 6 H) ppm. 13C NMR (75 MHz, CDCl3): δ 151.8, 140.5, 
140.0, 126.1, 121.0, 119.9, 55.4, 40.2, 31.4, 29.6, 22.5, 14.0 ppm. GPC profile: Mn = 54,800 
(PDI = 4.95).  
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.97 (s, 1 H), 7.84 (d, 2 H), 7.64-7.74 (m, 6 H), 







MHz, CDCl3): δ 151.8, 142.3, 140.2, 140.1, 129.2, 126.2, 126.1, 121.7, 120.1, 55.4, 40.5, 31.5, 
29.8, 23.9, 22.6, 14.0 ppm. GPC profile: Mn = 50,900 (PDI = 1.56).  
 
Brown solid. 1H NMR (300 MHz, CDCl3): δ 7.80 ~ 7.84 (m, 6 H), 7.66 ~ 7.69 (m, 4 H), 2.10 (br, 
4 H), 1.10 ~ 1.16 (m, 12 H), 0.76 ~ 0.80 (m, 10 H) ppm. 13C NMR (75 MHz, CDCl3): δ 151.8, 
140.7, 140.0, 139.5, 127.6, 126.2, 121.4, 119.9, 55.2, 40.6, 31.4, 29.6, 23.8, 22.5, 14.0 ppm. GPC 
profile: Mn = 16,200 (PDI = 2.36).  
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 8.00 (d, 4 H), 7.77~7.92 (m, 6 H), 7.69 (m, 4H), 
2.10 (br, 4 H), 1.00~1.22 (m, 12H), 0.68~0.86 (m, 10H) ppm. 13C NMR (75 MHz, CDCl3): δ 
152.0, 145.6, 140.8, 139.1, 136.4, 130.8, 127.0, 126.5, 121.7, 120.5, 55.5, 40.4, 31.5, 29.7, 23.9, 
22.6, 14.0 ppm. GPC profile: Mn = 36,300 (PDI = 1.72). 
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.84 (d, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 (br, 4 H), 










140.5, 139.9, 139.0, 130.1, 126.1, 121.4, 121.1, 119.9, 55.3, 40.3, 40.1, 31.7, 31.4, 30.0, 29.8, 
29.6, 29.2, 23.9, 23.8, 23.9, 22.6, 22.5, 14.0, 14.0 ppm. GPC profile: Mn = 24,500 (PDI = 2.22).  
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.97 (s, 1H), 7.84 (d, 2 H), 7.68 (m, 6 H), 7.60 (t, 1 
H), 2.09 (br, 4 H), 1.10 (m, 20 H), 0.79 (m, 10 H) ppm. 13C NMR (75 MHz, CDCl3): δ 151.8, 
142.4, 140.2, 140.1, 129.2, 126.2, 126.1, 121.8, 120.1, 55.4, 40.5, 31.8, 30.1, 29.2, 23.9, 22.6, 
14.1, 0.03 ppm. GPC profile: Mn = 61,100 (PDI = 1.51).  
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.81 (m, 6 H), 7.66 (m, 4 H), 2.07 (br, 4 H), 1.11 
(m, 20 H), 0.82 (m, 10 H) ppm. 13C NMR (75 MHz, CDCl3): δ 151.8, 140.5, 140.2, 139.7, 128.4, 
127.6, 126.0, 121.5, 120.1, 55.4, 40.5, 31.8, 30.1, 29.3, 23.9, 22.6, 14.1 ppm. GPC profile: Mn = 
15,000 (PDI = 2.74). 
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 8.00 (d, 4 H), 7.84 (m, 6 H), 7.69 (m, 4 H), 2.10 (br, 









139.1, 136.4, 130.8, 127.0, 126.5, 121.7, 120.5, 55.5, 40.4, 31.8, 30.0, 29.2, 23.9, 22.6, 14.1 ppm. 
GPC profile: Mn = 51,300 (PDI =1.84). 
 
Brown solid. 1H NMR (300 MHz, CDCl3): δ 7.80 (d, 2 H), 7.72 (s, 2 H),  7.58 ~ 7.63 (d, 2 H), 
7.14 (s, 2 H), 3.97 (t, J = 6.0 Hz, 4 H), 2.04 (br, 4 H), 1.74 (t, J = 6.6 Hz, 4 H), 1.30 ~ 1.41 (m, 
16 H), 1.05 ~ 1.21 (m, 12 H), 0.88 (t, J = 6.6 Hz, 6 H), 0.82 (t, J = 6.6 Hz, 6 H) ppm. 13C NMR 
(75 MHz, CDCl3): δ 150.5, 150.4, 139.8, 137.0, 131.2, 127.9, 124.4, 121.5, 119.1, 116.7, 69.8, 
55.0, 40.6, 31.6, 31.5, 29.9, 29.4, 25.7, 22.7, 22.6, 14.0, 14.0 ppm. GPC profile: Mn = 15,200 
(PDI = 1.95).  
 
Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.41~7.71 (d, 4 H), 7.01~7.10 (s, 2 H), 3.99 (m, 4 
H), 1.76 (m, 4 H), 1.30 (m, 12 H), 0.88 (m, 6 H) ppm. 13C NMR (75 MHz, CDCl3): δ 150.4, 
137.0, 130.8, 130.5, 129.1, 128.1, 116.3, 116.0, 69.6, 31.5, 29.4, 25.8, 22.6, 14.1 ppm. GPC 














Yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.95 (d, 4 H), 7.77 (d, 4 H), 7.07 (s, 2 H), 3.99 (m, 
4 H), 1.73 (m, 4 H), 1.33 (m, 12 H), 0.89 (m, 6 H) ppm. 13C NMR (75 MHz, CDCl3): δ 150.4, 
142.6, 136.2, 130.4, 129.9, 129.4, 116.0, 69.7, 31.5, 29.3, 25.8, 22.6, 14.0, 0.0 ppm. GPC profile: 
Mn = 15,600 (PDI = 1.54). 
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Chapter 5. t-Bu3P-Coordinated 2-Phenylaniline-Based Palladacycle Complex/ArBr as 
Robust Initiators for Controlled Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling 
Polymerization of AB-Type Monomers 
5.1 Introduction 
Controlled Pd(0)/t-Bu3P-catalyzed Suzuki cross-coupling polymerizations has recently become 
some of the most useful methods to synthesize π-conjugated polymers with controlled degree of 
polymerization.[1,2] In 2005, our laboratory came up with a preferential oxidative addition 
mechanism for Pd(0)-catalyzed Suzuki cross-coupling reactions. Like I mentioned in Chapter 3, 
the regenerated Pd(0) catalyst could be oriented to undergo oxidative addition preferentially with 
its homogenously generated coupling product.[3] This preferential oxidative addition mechanism 
was essential to turn the Pd(0)-catalyzed Suzuki cross-coupling polymerization form the step-
growth fashion into chain-growth fashion.[3]  
Since the disclosure of our results, it has attracted many people’s interest of working on 
controlled Pd(0)/t-Bu3P-catalyzed Suzuki cross-coupling polymerizations of AB-type monomers. 
Yokozawa has reported Pd(0)-catalyzed Suzuki cross-coupling polymerizations with PhPd(t-
Bu3P)Br as the initiator, CsF/18-crown-6 as the base system. The polydispersity index (PDI) was 
narrowed down to 1.18.[4] Huck has reported Pd(0)-catalyzed Suzuki cross-coupling 
polymerizations of n-type fluorine-containing AB-type monomers with ArPd(t-Bu3P)Br as 
initiator, in which the PDI was observed to increase from 1.15 - 1.16 to 1.27 - 1.29 with the 
increasing of the conversion.[5] Other reports of the application of the controlled polymerizations 
and end functional groups controlling were also reported.[6]  
 110 
In order to access to the π-conjugated polymers with controlled degree of polymerization, there 
are two types of reported initiators. One is the isolated ArPd(t-Bu3P)Br complexes[7-12] and the 
other is in situ generated ArPd(t-Bu3P)Br complexes (Scheme 20),[13-14] both of them were 
reported as good initiators for controlled Suzuki cross-coupling polymerizations. The first 
reported initiator system for controlled Suzuki cross-coupling polymerization was isolated 
ArPd(t-Bu3P)Br complexes,[8-12] however, there are shortcomings associated with the isolated 
complexes, including significant polydispersity index (PDI) fluctuation (1.18-1.55) with different 
Ar group or the increased molecular weight (over 10,000). The isolation and purification of such 
palladium complexes was tedious, which limited the scope of isolated ArPd(t-Bu3P)Br. The 
decomposition of the complexes when re-dissolve it for polymerization would impact the PDI 
significantly. Moreover, such initiator system was not able to control the functional groups at the 
two ends of a polymer chain.[14-15] The use of in situ generated ArPd(t-Bu3P)X complexes from 
the combination of Pd2(dba)3/t-Bu3P and ArX was carried out to address some of those 
shortcomings.[16] This initiator system offered several advantages over the use of isolated ArPd(t-
Bu3P)Br complexes as initiators. These advantages included omitting the isolation and 
purification of ArPd(t-Bu3P)X complexes.[17] Avoiding the redissolution process, which helped to 
narrow the PDIs of the polymerization process as the decomposition of even a small amount of 
ArPd(t-Bu3P)X initiator will significantly increase the PDI. With the initiator in situ generated 
from Pd2(dba)3/t-Bu3P/ArI (dba = dibenylideneacetone) initiator system, which resulting high 
number average molecular weights (Mn) polymers without a significant increase in the PDI 
(from 1.14 for a polymer with Mn = 9,500 to 1.20 for a polymer with Mn =31,400).[13] 
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Scheme 20. Reported Initiators for Controlled Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling 
Polymerizations of AB-Type of Monomers 
However, limited ArXs, 4-BrC6H4I and 4-RC6H4Br (R=HOCH2, PhCO, OTs, and OTf), were 
found to form robust initiators with Pd2(dba)3/t-Bu3P, to achieve narrow PDIs (1.14-1.20).[13] A 
two-step method has to be used if we want to control both chain-ends of the polymer. A post-
polymerization modification reaction of -OTf group after using Pd2(dba)3/t-Bu3P/p-TfOC6H4Br 
as initiator has to be used to access conjugated polymers bearing heterobisfunctional chain ends 
with high chain end group fidelity (>98%).[13c] Initiator systems that can incorporate a broad 
spectrum of ArX with various functional groups to access conjugated polymers with narrow 
PDIs and controlled heterobisfunctional end groups in one step remained to be developed.  
From 31P NMR study, the shortcomings associated with the Pd2(dba)3/t-Bu3P/ArX (X = I, Br) 
system were likely because of the formation of 14-electron (t-Bu3P)2Pd(0) complex during the 
generation of ArPd(t-Bu3P)X complexes (vide infra, Figure 9. (e)).[13a, b] Although this 14-
electron (t-Bu3P)2Pd(0) complex we believed would not react directly with ArX, a very small 
amount of the 14-electron complex would dissociation to t-Bu3P and 12-electron (t-Bu3P)Pd(0) 
species, could directly initialize the AB-type monomer for uncontrolled polymerization during 
the controlled polymerization process. Unexpected polymer chain growth in the controlled 
(a) Isolated ArPd(t-Bu3P)Br complexes
Advantages: isolated complexes
Shortcomings: separation/purification steps; minor decomposition
                        when redissolution; PDI fluctuation;
                        limited scope of Ar; limited end-group controlling
(b) Pd2(dba)3/t-Bu3P/ArX
     Advantages: Omission of separation/purification steps; narrow PDIs
     Shortcomings: Existence of Pd(t-Bu3P)2; limited scope of Ar; and limited
                             end-group controlling
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Suzuki cross-coupling polymerization process could broaden PDIs of the polymers a lot. We 
strongly believed that if a Pd(0)/t-Bu3P precursor that could minimize or avoid the formation of 
14-electron (t-Bu3P)2Pd(0) complex, we would be able to access to highly controlled π-
conjugated polymers with narrower PDIs. t-Bu3P-coordinated 2-phenylaniline-based 
palladacycle complex (1), which does not contain free t-Bu3P and has been demonstrated to 
generate 12-electron (t-Bu3P) Pd(0) species with a common base under mild conditions (Scheme 
21).[17]  
 
Scheme 21. Envisioned Monophosphine-Coordinated 2-Phenylaniline-Based Palladacycle 
Complex 1 for Controlled Suzuki Cross-Coupling Polymerizations of AB-Type Monomers 
This palladacycle complex (1) could be used to generate the initiators with many advantages 
included no isolation and purification problems, and avoiding redissolution process, a broad 
spectrum of ArX with different functional groups might be incorporated in the initiator systems. 
From 31P NMR spectrum (Figure 9. (d)), most of the precatalyst formed ArPd(t-Bu3P) Br initiator, 
only a small tiny amount of 14-electron complex formed, which would narrower PDIs. By using 
arylboronic acid as quenching reagents for the controlled polymerization, the polymers with 
narrow PDIs and well-defined functional chain end groups might be achieved (Scheme 20).  
In this chapter, I will report our results on employing t-Bu3P-coordinated 2-phenylaniline-based 
palladacycle complex 1 as the unique source of Pd(0)/t-Bu3P and a variety of aromatic bromides 
to access efficient initiator systems to afford conjugated polymer with predictable molecular 
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weights, narrow PDIs and well-defined functional chain end groups. NMR study of the 
promotion of new initiator system will also be carried out. 
5.2 Results and Discussion 
5.2.1 Controlled Polymerization of 7-Bromo-9,9-dihexylfluoren-2-ylboronic Acid Pinacol 
Ester with 1/ArBr as the Initiator 
Our study began with the polymerization of 7-bromo-9,9-dihexylfluoren-2-ylboronic acid 
pinacol ester using the initiator in situ generated from precatalyst 1 and 4-bromotoluene. We 
found that the initiator generated by mixing precatalyst 1 and 4-bromotoluene for 40 minutes 
with potassium carbonate as the base afforded the polymer with narrow PDI. I examined other 
bromobenzenes for the precatalyst 1/ArBr initiator system. As shown in Table 5.1, it was 
remarkable to find that all para-substituted bromobenzenes I tested, either substituted with 
electron-withdrawing group or electron-donating group, were excellent partners for precatalyst 
1/ArBr initiator system, as evidenced by narrow PDIs (between 1.12 and 1.17) of the formed 
polymers (Table 5.1, entries 1-4). For comparison purposes, the reported results obtained from 
Pd2(dba)3/t-Bu3P/ArBr system was also listed in Table 5.1.[13b] As shown in Table 5.1, narrower 
PDIs and lower molecular weights were observed in common for polymers obtained from 
precatalyst 1/ArBr initiator system, suggesting the generation of initiators from precatalyst 
1/ArBr was more efficient. These results showed that precatalyst 1/ArBr were robust initiators to 
access polyfluorenes with narrow PDIs and a variety of functional chain end groups in one step. 
Table 5.1 Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling Polymerization of 7-Bromo-9,9-
dihexylfluoren-2-ylboronic Acid Pinacol Ester with Precatalyst 1/ArBr as Initiators a 
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Entry  R    Yield b (%) Mn c (PDI) Mn d (PDI) 
1  Me    88  8,200(1.16) 14,200 (1.35) 
2  OMe    85 7,400 (1.12) 29,900 (1.54) 
3  H    94 8,000 (1.16) 25,900 (1.42) 
4  PhCO    90 6,300 (1.17) 8,300 (1.16) 
a Polymerization condition: monomer (1 equiv), precatalyst 1(12 mol %), ArBr (20 mol %), K2CO3(10 
equiv), THF, 40 min. b Isolated yield. c As determined by GPC (PS standards, THF, 40°C). d Pd2(dba)3(6 
mol %)/t-Bu3P (24 mol %), ArBr (20 mol %), K3PO4 (10 equiv), THF, 30 min, see ref 9b. 
 
5.2.2 The molecular weight-feeding ratio study for polymerization with precatalyst 1/ p-
BrC6H4CO2Et as the Initiator 
Our group tested the polymerization behavior of the relationship between the monomer 
conversion and the molecular weight of the generated polymer by using precatalyst 1/p-
MeOC6H4Br as initiator. We found a linear relationship between them with almost the same PDIs 
for polymers of different conversions, a characteristic of chain-growth polymerization. This 
result suggested that the controlled polymerization with precatalyst 1/p-MeOC6H4Br as the 






K2CO3, THF, 0 ˚C, 40 min






I also did the molecular weight-feeding ratio study for polymerization with precatalyst 1/ p-
BrC6H4CO2Et as the Initiator. The results are showed in Table 5.2 and Figure 8. The 
polymerization with different amounts of initiator (precatalyst 1/p-BrC6H4COOEt, 12, 6, 4 and 3 
mol % loading for precatalyst 1) was performed in a manner similar to the general 
polymerization reaction procedure except different initiator loadings. The polymer yields were 
83%, 75%, 67% and 70% respectively and Mn (PDI) were found to be 8,000 (1.12), 17,300 
(1.13), 25,900 (1.16) and 33,400 (1.23), respectively. A linear relationship was observed for the 
molecular weight of polymer with the initiator loading. With this linear relationship of the 
polymerization, we can control the degree of polymerization by simply adjusting the initiator 
loading.  
Table 5.2 Pd(0)/t-Bu3P-Catalyzed Suzuki Cross-Coupling Polymerization with Different Initiator 
Loading a 
 
Entry Br-Ar-B(OR)2 Initiator (%) Yield (%) b Mn (PDI) c 
1 
 
12 83 8,000 (1.12) 
2 
 












4 67 25,900 (1.19) 
4 
 
3 70 33,400 (1.23)  
a Polymerization condition: monomer (1 equiv), precatalyst 1(12 mol%), ethyl 4-bromobenzoate (20 mol %), 
K2CO3(2 M, 0.5 mL), THF (6 mL), 40 min, 0°C. b Isolated yield. c as determined by GPC (PSstandards, 
THF, 40°C).  
 
 
Figure 8. Relationship Between Feed Ratios of Monomer and Precatalyst 1 and the 
Corresponding Molecular Weight of Polymer  
The end groups of polymer products were analyzed by means of matrix-assisted laser desorption 
ionization-time of flight (MALDI-TOF) mass spectrometry. There was only one series of peaks 










group as one end group (from precatalyst 1/ArBr initiator system) and another aryl group as the 
other end group (from the quenching reagent 4-MeOC6H4B(OH)2). These results indicated that 
the end groups were well-controlled when precatalyst 1/ArBr was employed as initiator for 
Suzuki cross-coupling polymerization with AB-type monomers. The truth that all polymers 
contain one aryl group from the initiator strongly supported that all the polymers were grown 
from the precatalyst 1/ArBr initiator via a chain-growth fashion.  
 
5.2.3 31P NMR study of Precatalyst 1/ArBr and Pd2(dba)3/t-Bu3P/ArBr Initiator System 
Since the 31P NMR has a wide chemical shifts range, it would be easy to identify the phosphine 
ligand in different chemical environment. In order to better understand the initiator system in situ 
generated from precatalyst 1 and ArBr, I examined the precatalyst 1/4-C2H5O2CC6H4Br 
combination by 31P NMR spectroscopy (Figure 7). At the very beginning, I was not able to trace 
the initiation process with 31P NMR due to the chemical shifts were unsteady without deuterated 
solvent present in the initiation system. By adding inner pipe of H3PO4/D2O as standard into the 
NMR tube, the chemical shifts of the phosphine were fixed.  
Comparing to the chemical shifts of t-Bu3P (Figure 9. (a)), precatalyst 1 (Figure 9. (b)), Pd(t-
Bu3P)2 (Figure 9. (c)), I found that when mixing precatalyst 1, 4-C2H5O2CC6H4Br, and K2CO3, 
31P NMR showed that precatalyst 1 cleanly converted to mainly 4-C2H5O2CC6H4Pd(t-Bu3P)Br 
along with a small amount of Pd(t-Bu3P)2 the 14-electron complex (Figure 9. (d)).  I did another 
controlled experiment mixed precatalyst 1 and K2CO3 showed Pd(t-Bu3P)2 the 14-electron 
complex Pd(t-Bu3P)2 was the only product on 31P NMR spectrum, and palladium black (Pd(0)) 
was found in the solution, which likely because of precatalyst 1 can rapidly form 12-electron 
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complex (t-Bu3P)Pd(0) and it reacted with each other when there was no ArBr, turned into 14-
electron complex and Pd(0). In order to minimize the formation of 14-electron complex Pd(t-
Bu3P)2, I tried different initiation conditions, for instance, adding extra amount of ArBr to get 
higher conversion of initiator ArPd(t-Bu3P)Br. I tested different ratio of precatalyst 1/ArBr from 
1:2 up to 1:10, the conversion of precatalyst 1 to initiator increased from 75.2% to 92.8%. 
Extended the initiation time also helped increasing the conversion from 30 minutes (77.2%), 60 
minutes (88.3%), 90 minutes (89.3%). 
On the other hand, 31P NMR showed that mixing Pd2(dba)3, t-Bu3P, and 4-C2H5O2CC6H4Br 
yielded a mixture of predominantly Pd(t-Bu3P)2 and t-Bu3P (Figure 9. (e)). The highest initiator 
conversion rate I could get from 31P NMR integration was about 6%. These observations showed 
4-C2H5O2CC6H4Pd(t-Bu3P)Br was formed much more efficiently for the precatalyst 1/ArBr 
initiator system than the Pd2(dba)3/t-Bu3P/4-C2H5O2CC6H4Br initiator system, which might 
account for why the precatalyst 1/ArBr initiator system was a better initiator system. 
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Figure 9. 31P NMR study (in THF): (a) t-Bu3P; (b) precatalyst 1; (c) Pd(t-Bu3P)2; (d) 4-
C2H5O2CC6H4Br + precatalyst 1 + K2CO3, r.t., 1 h; (e) Pd2(dba)3 + t-Bu3P + 4-C2H5O2CC6H4Br, 
r.t., 1 h. 
5.3 Summary 
In summary, based on the consideration that t-Bu3P-coordinated 2-phenylaniline-based 
palladacycle complex 1 could minimize or avoid the formation of 14-electron (t-Bu3P)2Pd(0) 
complex, we demonstrated that precatalyst 1/ArBr were excellent initiator systems for controlled 
Suzuki cross-coupling polymerization. This initiator system allowed the omission of 
separation/purification of the initiators. A variety of ArBr bearing different functional groups 
formed unprecedentedly robust initiator systems for controlled Suzuki cross-coupling 
polymerization, affording polymers with predictable molecular weight, very narrow PDIs (1.12-
1.19) and well-defined functional end groups. The 31P NMR study suggested that the fast and 
efficient generation of ArPd(t-Bu3P)Br complexes from precatalyst 1 and ArBr might be the 
reason for the better control of polymerization with precatalyst 1/ArBr as initiators. Our study 
provided a family of highly efficient initiators for controlled Suzuki cross-coupling 
polymerizations and a convenient route to access conjugated polymers with heterobisfunctional 
chain end groups in one step. In addition, our study paved the road for us to investigate the use of 
other monodentate ligand-coordinated palladacycle complexes including N-heterocyclic carbine 
coordinated ones as precatalysts for controlled cross-coupling polymerizations. [10b,15b] Work 
toward these directions is currently underway. 
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5.4 Experimental Section 
General: 1H & 13C NMR spectra were recorded on Varian 600 MHz NMR spectrometer. 
Chemical shifts were determined relative to internal (CH3)4Si (TMS). All yields reported refer to 
isolated yields unless otherwise indicated. Mn and Mw/Mn (PDI) value of polymers were 
measured with gel permeation chromatography (TOSOH HLC-8320GPC) using THF as eluent (1 
mL/min) at 40 ˚C, which were calibrated with polystyrene standards. MALDI-TOF mass spectra 
were recorded on a Bruker Reflex III in the reflection mode with a laser (λ = 337 nm) using 
1,1,4,4-tetraphenyl-1,3-butadiene as a matrix. Unless otherwise mentioned, solvents and reagents 
were purchased from commercial sources and used as received.  2-(7-Bromo-9,9-dihexyl-9H-
fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 2-(7-iodo-9,9-dihexyl-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane and 3-bromo-5-methylphenylboronic acid are  prepared in the 
way similar to the literature.[18] 4-Bromo-2,5-dihexyloxyphenylboronic acid was prepared 
according to the reported procedure but purified by recrystallization from methanol.[19] The 
preparation of monophosphine-coordinated 2-phenylaniline-based palladacycle complex 1 was 
previously reported. [20] THF was freshly distilled from sodium/benzophenone.    
General Procedure for the polymerization of 2-(7-bromo-9,9-dihexyl-9H- fluoren-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane with Precatalyst 1/ArBr as initiator and quenched 
by arylboronic acid: In a glove-box under N2 atmosphere, to a 5-mL vial containing precatalyst 1 
(6.0 mg, 0.012 mmol) and aryl bromide (80 µL, 0.25 M solution in THF) in THF (0.4 mL) was 
added K2CO3 solution (0.5 mL, 2 M aqueous solution). The mixture was stirred for 40 minutes at 
room temperature to generate the initiator. Another vial containing 2-(7-bromo-9,9-dihexyl-9H-
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fluoren-2- yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.1 mmol) in THF (5.4 mL) was cooled to 
0 ˚C. The solution of the in situ generated initiator was quickly injected into the solution of 
monomer and the resulting mixture was stirred for 40 min at 0 ˚C. The reaction was quenched by 
injecting arylboronic acid (0.4 mL, 0.25 M solution in THF) and stirred for 1 hour. The product 
was extracted with CH2Cl2 (3 x 20 mL). The organic layer was combined, washed by brine and 
dried with Na2SO4. The mixture was filter and the filtrate was evaporated under reduced pressure. 
The residue was dissolved in a minimum amount of CH2Cl2 and the solution was added dropwise 
to methanol with stirring. The precipitate was collected by filtration, washed with methanol and 
water and dried under vacuum. 
 
83% yield. Yellow solid. GPC: Mn = 7 800 (PDI = 1.14). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.86 (m, 2 H), 7.68 ~ 7.71 (m, 4 H), 2.13 (br, 4 H), 1.10 ~ 1.17 (m, 12 H), 0.76 ~ 0.85 (m, 
10 H); small peaks which were observed at 3.88 (s, 0.23 H) and 2.38 (s, 0.25 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 14 units calculated by 1H 
NMR result.  
 
83% yield. Yellow solid. GPC: Mn = 8 800 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.86 (m, 2 H), 7.68 ~ 7.71 (m, 4 H), 2.13 (br, 4 H), 1.10 ~ 1.17 (m, 12 H), 0.76 ~ 0.85 (m, 









are attributed to characteristic protons of the end groups. The polymer contains about 16 units 
calculated by 1H NMR result.  
 
70% yield. Yellow solid. GPC: Mn = 7 500 (PDI = 1.17). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.17 (m, 12 H), 0.79 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.03 (d, 0.12 H), 6.86 (d, 0.12 H), 3.89 (s, 0.19 H) 
and 3.03 (s, 0.41 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 16 units calculated by 1H NMR result.  
 
87% yield. Yellow solid. GPC: Mn = 9 000 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.08 (d, 0.13 H), 7.02 (d, 0.13 H), 3.88 (s, 0.19 H) 
and 2.47 (s, 0.20 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 15 units calculated by 1H NMR result. This 1H NMR spectrum indicated that the 
double peaks on its MALDI-tof spectrum should result from the decomposition of -OTs group 














87% yield. Yellow solid. GPC: Mn = 9 000 (PDI = 1.14). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.05 (s, 0.19 H) and 3.88 (s, 0.26 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 13 units calculated by 1H 
NMR result.  
 
80% yield. Yellow solid. GPC: Mn = 7 300 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 3.88 (s, 0.25 H) are attributed to characteristic 
protons of the end groups. The polymer contains about 13 units calculated by 1H NMR result.  
 
80% yield. Yellow solid. GPC: Mn = 7 300 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.15 H) and 3.88 (s, 0.25 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 13 units calculated by 1H 
















83% yield. Yellow solid. GPC: Mn = 8 000 (PDI = 1.12). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 8.16 (d, 0.10 H), 7.04 (d, 0.12 H), 4.44 (q, 0.11 H) 
and 3.88 (s, 0.18 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 15 units calculated by 1H NMR result.  
 
83% yield. Yellow solid. GPC: Mn = 8 900 (PDI = 1.15). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.96 (d, 0.13 H), 7.04 (d, 0.11 H) and 3.88 (s, 0.17 H) 
are attributed to characteristic protons of the end groups. The polymer contains about 16 units 
calculated by 1H NMR result.  
 
77% yield. Yellow solid. GPC: Mn = 6 800 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.20 H) and 3.88 (s, 0.30 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 10 units calculated by 1H 














77% yield. Yellow solid. GPC: Mn = 6 600 (PDI = 1.19). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.18 H) and 3.88 (s, 0.27 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 11 units calculated by 1H 
NMR result.  
 
75% yield. Yellow solid. GPC: Mn = 6 200 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.22 H) and 3.88 (s, 0.32 H) are attributed to 
characteristic protons of the end groups. The polymer contains about 10 units calculated by 1H 
NMR result.  
 
83% yield. Yellow solid. GPC: Mn = 7 100 (PDI = 1.15). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.15 H), 3.88 (s, 0.21 H) and 3.83 (s, 0.13 H) 
are attributed to characteristic protons of the end groups. The polymer contains about 14 units 















80% yield. Yellow solid. GPC: Mn = 9 300 (PDI = 1.12). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.42 (d, 0.13 H), 7.04 (d, 0.15 H), 4.19 (q, 0.12 H), 
3.88 (s, 0.20 H) and 3.83 (s, 0.12 H) are attributed to characteristic protons of the end groups. 
The polymer contains about 15 units calculated by 1H NMR result.  
 
80% yield. Yellow solid. GPC: Mn = 8 500 (PDI = 1.14). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.20 (d, 0.07 H), 7.04 (d, 0.14 H), 3.88 (s, 0.20 H) 
and 2.47 (s, 0.21 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 14 units calculated by 1H NMR result.  
 
80% yield. Yellow solid. GPC: Mn = 7 800 (PDI = 1.14). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.17 H), 3.88 (s, 0.23 H) and 2.34 (s, 0.23 H) 
are attributed to characteristic protons of the end groups. The polymer contains about 13 units 









73% yield. Yellow solid. GPC: Mn = 9 100 (PDI = 1.15). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.84 ~ 7.85 (m, 2 H), 7.67 ~ 7.71 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.18 (m, 12 H), 0.77 ~ 0.84 (m, 
10 H); small peaks which were observed at 7.04 (d, 0.17 H), 3.88 (s, 0.22 H), 2.40 (s, 0.16 H) 
and 2.30 (s, 0.18 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 15 units calculated by 1H NMR result.  
 
83% yield. Yellow solid. GPC: Mn = 7 700 (PDI = 1.13). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.83 ~ 7.85 (m, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.17 (m, 12 H), 0.79 ~ 0.84 (m, 
10 H); small peaks which were observed at 8.17 (d, 0.14 H), 7.33 (d, 0.15 H), 4.45 (q, 0.14 H) 
and 2.44 (s, 0.24 H) are attributed to characteristic protons of the end groups. The polymer 
contains about 12 units calculated by 1H NMR result.  
 
80% yield. Yellow solid. GPC: Mn = 6 400 (PDI = 1.15). 1H NMR (600 MHz, CDCl3, ppm): δ 
7.83 ~ 7.85 (m, 2 H), 7.67 ~ 7.70 (m, 4 H), 2.12 (br, 4 H), 1.14 ~ 1.17 (m, 12 H), 0.79 ~ 0.84 (m, 










characteristic protons of the end groups. The polymer contains about 12 units calculated by 1H 
NMR result.  
Molecular Weight–Feeding Ratio Study for Polymerization with Precatalyst 1/ p-
BrC6H4CO2Et as the Initiator: The polymerization of 2-(7-bromo-9,9-dihexyl- 9H-fluoren-2-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with different amounts of initiator (precatalyst 1/p-
BrC6H4COOEt, 12, 6, 4 and 3 mol % loading for precatalyst 1) was performed in a manner 
similar to the general procedure described in the [General Procedure for the polymerization of 
2-(7-bromo-9,9-dihexyl-9H-fluoren -2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with 
Precatalyst 1/ArBr as initiator and quenched by arylboronic acid] except different initiator 
loadings. The polymer yields were 83%, 75%, 67% and 70% respectively and Mn (PDI) were 
found to be 8 000 (1.12), 17 300 (1.13), 25 900 (1.16) and 33 400 (1.23), respectively. A linear 
relationship was observed for the molecular weight of polymer with the initiator loading.  
31P NMR Study: (a) Reaction of precatalyst 1 with 4-C2H5O2CC6H4Br and K2CO3:  In a 
glovebox, a mixture of precatalyst 1 (6.2 mg, 0.012 mmol), 4-C2H5O2CC6H4Br (6 µL, 0.048mmol) 
and potassium carbonate (0.1 mL, 2 M aqueous solution, 0.2 mmol) in THF (0. 5 mL) was stirred 
under N2 atmosphere for 1 hour. The reaction mixture was checked with 31P NMR under N2 
atmosphere. 31P NMR (121 MHz, locked with D2O and H3PO4 as standard): d: 85.2 (minor) and 
79.3 (major) ppm.  (b) Reaction of Pd(t-Bu3P)2, t-Bu3P and 4-C2H5O2CC6H4Br: In a glovebox, a 
mixture of Pd2(dba)3 (5.5 mg, 0.006mmol), t-Bu3P (4.9 mg, 0.024 mmol) and 4-C2H5O2CC6H4Br 
(3 µL, 0.024mmol) in THF (0. 5 mL) was stirred under N2 atmosphere for 1 hour to generate the 
initiator. The reaction mixture was checked with 31P NMR under N2 atmosphere. 31P NMR (121 
MHz, locked with D2O and H3PO4 as standard): d:85.2 (major), 63.3 (major) ppm.  
 129 
31P NMR spectra of precatalyst 1, Pd(t-Bu3P)2 and t-Bu3P were also collected (THF, locked with 























[1] (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457−2483. (b) Suzuki, A. J. 
Organomet. Chem. 1999, 576, 147−168. (c) Littke, A. F.; Fu, G. C. Angew. Chem., Int. 
Ed. 2002, 41, 4176−4211. (d) Miyaura, N. Top. Curr. Chem. 2002, 219, 11−59. (e) Yin, 
L.; Liebscher, J. Chem. Rev. 2007, 107, 133−173. (f) Darses, S.; Genet, J.-P. Chem. Rev. 
2008, 108, 288−325. (g) Martin, R.; Buchwald, S. L. Acc. Chem. Res. 2008, 41, 
1461−1473. (h) Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. Chem. Rev. 2009, 109, 
3612−3676. (i) Suzuki, A. Angew. Chem., Int. Ed. 2011, 50, 6723−6737.  
[2] (a) Bryan, Z. J.; McNeil, A. J. Macromolecules 2013, 46, 8395−8405. (b) Yokozawa, T.; 
Ohta, Y. Chem. Commun. 2013, 49, 8281−8310. (c) Yokozawa, T.; Ohta, Y. Chem. Rev. 
2016, 116, 1950− 1968.  
[3] Dong, C. G.; Hu, Q. S. J. Am. Chem. Soc. 2005, 127, 10006-10007. 
[4] (a) Yokozawa, T.; Kohno, H.; Ohta, Y.; Yokoyama, A. Macromolecules 2010, 43, 7095-
7100. (b) Yokozawa, T.; Suzuki, R.; Nojima, M.; Ohta, Y.; Yokoyama, A. Macromol. 
Rapid. Commun. 2011, 32, 801-806. 
[5] Elmalem, E.; Kiriy, A.; Huck, W. T. S. Macromolecules 2011, 44, 9057-9061. 
[6] (a) Lee, J. K.; Ko, S.; Bao, Z. Macromol. Rapid. Commun. 2012, 33, 938-942. (b) 
Elmalem, E.; Biedermann, F.; Johnson, K.; Friend, R. H.; Huck, W. T. S. J. Am. Chem. 
Soc. 2012, 134, 17769-17777. (c) Fisher, C.S.; Baier, M.C.; Mecking, S. J. Am. Chem. 
Soc. 2013, 135, 1148-1154. 
[7] (a) Stambuli, J. P.; Incarvito, C. D.; Buhl, M.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 
1184−1194. (b) Stambuli, J. P.; Buhl, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 
9346−9347. (c) Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123, 1232−1233. (d) 
Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 13944−13945.  
[8] Dong, C.-G.; Hu, Q.-S. J. Am. Chem. Soc. 2005, 127, 10006− 10007.  
[9] (a) Yokoyama, A.; Suzuki, H.; Kubota, Y.; Ohuchi, K.; Higashimura, H.; Yokozawa, T. J. 
Am. Chem. Soc. 2007, 129, 7236− 7237. (b) Yokozawa, T.; Kohno, H.; Ohta, Y.; 
Yokoyama, A. Macromolecules 2010, 43, 7095−7100. (c) Yokozawa, T.; Suzuki, R.; 
Nojima, M.; Ohta, Y.; Yokoyama, A. Macromol. Rapid Commun. 2011, 32, 801−806. (d) 
Elmalem, E.; Kiriy, A.; Huck, W. T. S. Macromolecules 2011, 44, 9057−9061. (e) Lee, J. 
K.; Ko, S.; Bao, Z. Macromol. Rapid Commun. 2012, 33, 938−942.  
[10] (a) Senkovskyy, V.; Khanduyeva, N.; Komber, H.; Oertel, U.; Stamm, M.; Kuckling, D.; 
Kiriy, A. J. Am. Chem. Soc. 2007, 129, 6626− 6632. (b) Beryozkina, T.; Boyko, K.; 
Khanduyeva, N.; Senkovskyy, V.; Horecha, M.; Oertel, U.; Simon, F.; Stamm, M.; Kiriy, 
A. Angew. Chem., Int. Ed. 2009, 48, 2695−2698. (c) Mougnier, S. J.; Brochon, C.; 
Cloutet, E.; Fleury, G.; Cramail, H.; Hadziioannou, G. Macromol. Rapid Commun. 2012, 
33, 703−709.  
[11] (a) Liu, J.; Sheina, E.; Kowalewski, T.; McCullough, R. D. Angew. Chem., Int. Ed. 2002, 
41, 329−332. (b) Dai, C. A.; Yen, W. C.; Lee, Y. H.; Ho, C. C.; Su, W. F. J. Am. Chem. 
Soc. 2007, 129, 11036−11038. (c) Moon, H. C.; Anthonysamy, A.; Lee, Y.; Kim, J. K. 
Macromolecules 2010, 43, 1747−1752. (d) Lohwasser, R. H.; Thelakkat, M. 
Macromolecules 2010, 43, 7611−7616. (e) Brazard, J.; Ono, R. J.; Bielawski, C. W.; 
Barbara, P. F.; Vanden Bout, D. A. J. Phys. Chem. B 2013, 117, 4170−4176. (f) Handa, 
 135 
N. V.; Serrano, A. V.; Robb, M. J.; Hawker, C. J. J. Polym. Sci., Part A: Polym. Chem. 
2015, 53 (7), 831− 841.  
[12] (a) Xu, J.; Wang, J.; Mitchell, M.; Mukherjee, P.; Jeffries-EL, M.; Petrich, J. W.; Lin, Z. 
J. Am. Chem. Soc. 2007, 129, 12828−12833. (b) Kruger, R. A.; Gordon, T. J.; 
Baumgartner, T.; Sutherland, T. C. ACS Appl. Mater. Interfaces 2011, 3, 2031−2041. (c) 
Yuan, M.; Okamoto, K.; Bronstein, H. A.; Luscombe, C. K. ACS Macro Lett. 2012, 1, 
392−395. (d) Park, J.; Moon, H. C.; Kim, J. K. J. Polym. Sci., Part A: Polym. Chem. 2013, 
51, 2225−2232. (e) Yameen, B.; Zydziak, N.; Weidner, S. M.; Bruns, M.; Barner-
KoMllik, C. Macromolecules 2013, 46, 2606−2615. (f) Fischer, C. S.; Jenewein, C.; 
Mecking, S. Macromolecules 2015, 48, 483−491.  
[13] (a) Zhang, H.-H.; Xing, C.-H.; Hu, Q.-S. J. Am. Chem. Soc. 2012, 134, 13156−13159. (b) 
Zhang, H.-H.; Xing, C.-H.; Hu, Q.-S.; Hong, K. Macromolecules 2015, 48, 967−978. (c) 
Zhang, H.-H.; Hu, Q.-S.; Hong, K. Chem. Commun. 2015, 51, 14869−14872.  
[14] (a) Grisorio, R.; Mastrorilli, P.; Suranna, G. P. Polym. Chem. 2014, 5, 4304−4310. (b) 
Sui, A.; Shi, X.; Tian, H.; Geng, Y.; Wang, F. Polym. Chem. 2014, 5, 7072−7080.  
[15] (a) Elmalem, E.; Biedaermann, F.; Johnson, K.; Friend, R. H.; Huck, W. T. S. J. Am. 
Chem. Soc. 2012, 134, 17769−17777. (b) Fischer, C. S.; Baier, M. C.; Mecking, S. J. Am. 
Chem. Soc. 2013, 135, 1148−1154.  
[16] For Pd2(dba)3/t-Bu3P-catalyzed Suzuki cross-coupling reactions of ArX with arylboronic 
acids, see: Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020−4028.  
[17] For recent examples: (a) Kinzel, T.; Zhang, Y.; Buchwald, S. L. J. Am. Chem. Soc. 2010, 
132, 14073−14075. (b) Zhang, H.-H.; Xing, C.- H.; Tsemo, G. B.; Hu, Q.-S. ACS Macro 
Lett. 2013, 2, 10−13. (c) Zhang, H.-H.; Dong, J.; Hu, Q.-S. Eur. J. Org. Chem. 2014, 
2014, 1327−1332.  
[18] (a) Manickam, G.; Schluter, A. D., Synthesis 2000, 442-446; (b) Zhang, X.; Tian, H.; Qin, 
L.; Wang, L.; Geng, Y.; Wang, F., J. Org. Chem. 2006, 71, 4332-4335.   
[19] Moy, C. L.; Kaliappan, R.; McNeil, A. J., J. Org. Chem. 2011, 76 (20), 8501-8507.   
[20] Zhang, H. H.; Xing, C. H.; Tsemo, G. B.; Hu, Q. S. ACS Macro. Lett. 2013, 2, 10-13. 
 
 
